
ABSTRACT: This systematic review and meta-analysis aimed to
evaluate the effect of modifying 18-carbon PUFA [18-C PUFA: α-
linolenic acid (ALA, 18:3n-3) and linoleic acid (LA, 18:2n-6)] in
the diets of term and preterm infants on DHA (22:6n-3) status,
growth, and developmental outcomes. Only randomized con-
trolled trials (RCT) involving formula-fed term and preterm in-
fants, in which the 18-C PUFA composition of the formula was
changed and growth or developmental outcomes were measured,
were included. Differences were presented as control (standard
formula) and treatment (18-C PUFA-supplemented formula). Pri-
mary analyses for term infants were 4 and 12 mon and for preterm
infants 37–42 and 57 wk postmenstrual age. Five RCT involving
term infants and three RCT involving preterm infants were in-
cluded in the systematic review. Infants fed ALA-supplemented
formula had significantly higher plasma and erythrocyte phos-
pholipid DHA levels than control infants. There was no effect of
ALA supplementation on the growth of preterm infants. In term
infants, ALA supplementation was associated with increased
weight and length at 12 mon, which was at least 4 mon after the
end of dietary intervention. Developmental indices of term in-
fants did not differ between groups. There was a transient im-
provement in the retinal function of preterm infants fed ALA-sup-
plemented diets compared with controls. The findings suggest
that ALA-supplemented diets improve the DHA status of infants.
Further studies are needed to provide convincing evidence re-
garding the effects of ALA supplementation of formula on infant
growth and development.
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DHA (22:6n-3) is a major structural lipid of the brain and can
be derived endogenously from α-linolenic acid (ALA, 18:3n-3).

The enhanced development of breast-fed infants relative to for-
mula-fed infants is thought to be due, in part, to the presence of
DHA in breast milk (1–3). In the past, infant formulas were not
supplemented with DHA, and levels of its precursor, ALA,
were low relative to the high levels of the n-6 FA linoleic acid
(LA, 18:2n-6). This imbalance in formula fats in favor of LA
was largely ignored until animal studies demonstrated that di-
etary insufficiency of ALA resulted in lower levels of DHA in
the brain and retina and loss of visual function (4–6). These
studies were the catalyst for clinical intervention trials of both
preformed long-chain PUFA (20- and 22-carbon LCPUFA) and
variations in the balance of ALA and LA to assess the effect on
infant DHA status and visual and neurodevelopment. An early
study involving preterm infants that investigated both strate-
gies suggested that a dietary supply of n-3 LCPUFA was more
effective than ALA enrichment in enhancing DHA status and
visual function to levels comparable with those of breast-fed
infants (7,8). Despite the preliminary nature of this pioneering
trial, relatively little work has since focused on modifying 18-
carbon PUFA (18-C PUFA: ALA and LA) blends in infant for-
mulas as a strategy for increasing infant DHA status and im-
proving developmental outcomes (9–15; Jensen, C.L., Chen,
H., Prager, T.C., Fraley, J.K., Anderson, R.E., and Heird, W.C.,
unpublished report). 

A systematic review of trials involving 18-C PUFA is im-
portant because levels of 18-C PUFA in formulas have varied
over the last 20 yr with little direct evaluation. Meanwhile, for-
mulas containing LCPUFA have become widely available but
remain expensive, a possible barrier to their use by some popu-
lation groups. There is a need to assess the efficacy of simply
modifying 18-C PUFA blends on DHA status; function, as
measured by cognitive and visual outcomes; and safety, as as-
sessed by growth. 

With this in mind, we undertook a systematic review and
meta-analysis of randomized controlled trials (RCT) to determine
the effect of 18-C PUFA-enriched formula on the growth and
development of term and preterm infants. Our review included
trials that varied the ALA and/or LA content of the formula.
Primary outcomes were weight, length, head circumference, and
indices of neurological development. We also examined the
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treatment effect on plasma and erythrocyte phospholipid DHA,
EPA (20:5n-3), and arachidonic acid (AA, 20:4n-6) levels. 

METHODS

Search strategy. A search of the Cochrane Controlled Trials
Register and MEDLINE using the key words: infant AND for-
mula and one of the following—linoleic acid, linolenic acid, or
polyunsaturated fatty acids—identified relevant trials. In
MEDLINE, search limits were randomized controlled trial and
human. Hand-searching of abstracts and conference proceed-
ings was performed. The last literature search was completed
in May 2004. Eight trials involving term infants and three trials
involving preterm infants were identified as potentially eligible
for inclusion and were retrieved for review.

(i) Selection of trials. Trials were eligible for inclusion if
they had a randomized design, the ALA and/or LA level of the
formula fat was varied but other nutrients in the formula re-
mained the same, and growth or development were reported as
an outcome measure. For trials involving term infants, the test
formula was to have commenced within 14 d of birth, and the
diet duration was at least 8 wk to allow the intervention to have
an effect on tissue status. For trials involving preterm infants,
the test formula was to have been fed for at least 3 wk based on
the usual practice of not feeding preterm formula beyond hos-
pital discharge. Infants consuming test diets that contained
LCPUFA were excluded. From the eight RCT involving term
infants, two were excluded because the test diet was com-
menced after the infants were 14 d old (16,17) and another be-
cause multiple nutrient components of the formula were modi-
fied (19). The five eligible RCT involving term infants were
published in seven separate papers (9–13,19,20). The three
RCT involving preterm infants were published in eight sepa-
rate papers (7,8,14,15, 21–23; Jensen, C.L., Chen, H., Prager,
T.C., Fraley, J.K., Anderson, R.E., and Heird, W.C., unpub-
lished report). 

(ii) Data abstraction and collection. Data abstraction forms
were compiled and authors were contacted when published de-
tails were unclear. Where growth, development, or FA mean
data were assessed but not published at designated time-points,
these unpublished data were obtained from the investigators.
Unpublished data were received for three trials involving term
infants (10,11,13) and two trials involving preterm infants (22;
Jensen, C.L., Chen, H., Prager, T.C., Fraley, J.K., Anderson,
R.E., and Heird, W.C., unpublished report). 

Statistical analysis. Primary analyses for trials involving
term infants were made at 4 mon (a time when solid foods were
traditionally introduced) and 12 mon of age (when formula
feeding often ends). Where data were available, growth, devel-
opment, and FA status at other time points were included to ex-
plore short- and long-term effects. Primary comparisons of tri-
als involving preterm infants were made at 37–42 wk (term)
and 57 wk postmenstrual age (PMA). Comparisons were also
made at other assessment points where data were available. For
trials that included more than two test diets, the control group
was specified as the one most closely matching the LA-to-ALA

balance of that found in current commercially available formu-
las of around 10 to 1.

Meta-analyses were computed using the Metaview program
available in Review-Manager 4.2 (Cochrane Collaboration). A
fixed-effects model was used where there was no significant
heterogeneity, whereas a random-effects model was used if sig-
nificant heterogeneity existed. Each study was weighted in the
meta-analysis according to the SD and the number of infants.
Data were reported as weighted mean difference (WMD) with
95% confidence intervals (CI). In a supplementary analysis,
mean FA data of term infants at 4 mon of age were plotted as a
function of ALA levels in the test formulas (11,19). In the
graphs, polynomial regression curves were fitted to the FA data
and r2 values reported.

RESULTS

Trials involving term infants. (i) Summary of included studies.
Five trials involving term infants, conducted in North America
(n = 4) and Australia (n = 1), were included in this review
(9–13,19,20) (Table 1). Three trials intervened with formula
enriched with ALA (between 3.2 and 4.8 wt%), thus also low-
ering the LA/ALA ratio (11–13,19,20), whereas two trials
tested formula enriched with both LA (34 wt%) and ALA (5
wt%) and kept the LA/ALA ratio constant (9,10). None of the
included trials tested reducing the LA level of the formula to
lower the LA/ALA ratio. Variations in the balance of LA and
ALA in the fats of the formulas were obtained through blend-
ing vegetable oils including coconut, corn, soy, canola, saf-
flower, sunflower, and palm. The trial by Innis et al. (10) in-
cluded four groups of formula-fed infants that were not in-
cluded in the analysis because the test formulas contained
DHA. The most commonly used developmental outcomes
were visual function (9,11,13) and global neurodevelopment
(11,13). Visual function was measured by Teller acuity cards
(9), visual evoked potential (VEP) acuity (11), and VEP latency
(to checkerboard patterns subtending a visual angle of 30-min
arc) (11,13). Neurodevelopment was assessed by the Bayley
Scales of Infant Development (BSID) First (11) or Second Edi-
tion (20). The BSID included both the mental developmental
index and psychomotor developmental index. Other develop-
mental assessments included the Clinical Adaptive Test (CAT),
Clinical Linguistic and Auditory Milestone Scale (CLAMS),
and Gross Motor Scale (GM) of the Revised Gesell Develop-
mental Inventory (20). Developmental quotients (DQ) were de-
termined for language development (CLAMS DQ), visual prob-
lem-solving ability (CAT DQ), overall cognition (the mean of
CLAMS and CAT DQ), and gross motor development (GM DQ)
(20). Growth was measured by standard procedures in all trials.

All trials reported a randomized design with two reporting
adequate concealment of allocation (11,13,19,20). Makrides et
al. (11) and Jensen et al. (13,19,20) reported blinding of both
parents and trial staff. All trials had relatively small sample
sizes. Innis et al. (9) reported <20% attrition of infants through
to 3 mon of age, and Makrides et al. (11) reported <20% attri-
tion through to 4 mon of age.
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(ii) Trials involving enrichment with ALA. The trials of
Jensen et al. (13,19,20), Makrides et al. (11), and Ponder et al.
(12) tested the effect of enhancing the level of ALA while hold-
ing the level of LA constant. There were no significant differ-
ences in weight, length, and head circumference between
groups except at 12 mon of age (Table 2). At this age the in-
fants in the treatment group were longer (WMD: 1.78 cm, 95%
CI: 0.58, 2.97; P = 0.004; n = 81) and heavier (WMD: 0.62 kg,
95% CI: 0.09, 1.15; P = 0.02; n = 81) than infants in the con-
trol group (Table 2). It is interesting to note that these effects
were found at least 4 mon after dietary intervention had ceased,
and infants were consuming sources of dietary FA from other
milks and solids. 

Despite randomization, the treatment group in Makrides et
al. (11) was significantly heavier at birth than the control group.
This had little effect on the pooled data, and no differences
were seen between the birth weight of the control and treatment
groups overall (WMD: 0.03 kg, 95% CI: –0.13, 0.18; P = 0.71;
n = 122). At birth, there was also no difference in length
(WMD: 0.34 cm, 95% CI: –0.21, 0.88; P = 0.23; n = 127) or
head circumference (WMD: 0.04 cm, 95% CI: –0.38, 0.46;
P = 0.85; n = 127) between groups.

Few infants were assessed for global neurodevelopmental
outcomes, and there were no common assessments (Table 3).
No difference could be detected between control and treatment
groups for any outcome. There were also no differences in vi-
sual function between the groups at 4 or 8 mon of age as as-
sessed by VEP latency and acuity (Table 3). 

The level of DHA in plasma phospholipids of infants in the
ALA-enriched group was consistently higher than in the con-

trol group from 2 mon of age and higher in erythrocyte phos-
pholipids from 4 mon of age (Table 4). In the supplementary
analysis including all available data at 4 mon of age, increasing
ALA dose was associated with increased levels of plasma and
erythrocyte phospholipid DHA (Fig. 1). However, dietary ALA
enrichment did not result in the DHA levels seen in breast-fed
infants (Figs. 1A and 1B). ALA enrichment increased the level
of plasma phospholipid EPA from 4 mon of age and erythro-
cyte phospholipid EPA from 2 mon of age (Table 4), and val-
ues reached those seen in breast-fed infants when ALA enrich-
ment was approximately 3% of total FA (Figs. 1C and 1D).
ALA supplementation lowered AA in plasma phospholipids at
2 mon of age and erythrocyte phospholipid AA levels at 4 mon
of age compared with infants in the control group (Table 4). As
dietary ALA increased, infant plasma and erythrocyte AA de-
creased (Figs. 1E and 1F). Erythrocyte AA levels of formula-
fed infants matched those of breast-fed infants.

(iii) Trials involving enrichment with both ALA and LA. The
data from the two included studies relating to growth, develop-
ment, or LCPUFA status could not be combined because one
trial did not measure outcomes after 3 mon (9). There were no
differences in growth at 4 mon, visual acuity at 3 mon, or LC-
PUFA status between the groups (Table 5).

Trials involving preterm infants. Summary of included stud-
ies. Three trials involving preterm infants conducted in North
America (n = 2) and Europe (n = 1) were included in this sys-
tematic review (7,8,14,15,21–23; Jensen, C.L., Chen, H.,
Prager, T.C., Fraley, J.K., Anderson, R.E., and Heird, W.C., un-
published report) (Table 6). All trials involved enrichment of
formula fats with ALA (2.0–3.2 wt%) relative to the control
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TABLE 2
Weight, Length and Head Circumference of Term Infants Fed ALA-Enriched Formulas Compared with Control

Total number
of infants

Jensen et al. (13) Makrides et al. (11) Ponder et al. (12) (treatment, Mean difference
Outcome treatment, controla,b treatment, controla,b treatment, controla control) [95% CI]c Zd

Weight (kg)
2 mon 5.00(0.57), 5.13(0.50) — 5.10(0.49), 5.15(0.53) 24, 30 −0.09[−0.37, 0.19] 0.63(0.53)
4 mon 6.21(0.64), 6.61(0.65) 6.64(0.74), 6.30(0.70) — 43, 46 0.06[−0.23, 0.35]e 0.43(0.67)
12 mon 9.43(0.92), 9.34(2.53) 10.34(1.21), 9.64(0.96) — 39, 42 0.62[0.09, 1.15] 2.30(0.02)*
24 mon — 12.97(1.29), 12.47(1.56) — 22, 26 0.50[−0.31, 1.31] 1.22(0.22)

Length (cm)
2 mon 57.0(2.5), 56.6(2.1) — 56.5(2.0), 56.8(1.9) 24, 30 0.01[−1.13, 1.15] 0.02(0.98)
4 mon 61.9(2.8), 61.8(2.5) 62.8(2.4), 61.6(2.0) — 43, 46 0.93[−0.03, 1.90] 1.90(0.06)
12 mon 75.9(3.1), 75.9(3.6) 77.0(2.9), 74.8(2.2) — 39, 42 1.78[0.58, 2.97] 2.92(0.004)*
24 mon — 88.9(3.3), 87.8(3.1) — 23, 26 1.04[−0.76, 2.84] 1.13(0.26)

Head circumference (cm)
2 mon 38.3(1.0), 38.3(1.2) — 38.5(0.7), 38.9(1.5) 24, 30 −0.18[−0.77, 0.41] 0.60(0.55)
4 mon 40.8(1.1), 40.9(1.1) 41.8(1.0), 41.3(1.1) — 43, 46 0.2[−0.15, 0.74] 1.29(0.20)
12 mon — 47.1(1.2), 46.6(1.3) — 28, 29 0.51[−0.13, 1.15] 1.57(0.12)
24 mon — 49.6(1.2), 49.0(1.4) — 22, 26 0.59[−0.14, 1.32] 1.59(0.11)

aMean and SD.
bSome figures were taken from unpublished data.
cFixed effects estimate of the weighted mean difference in growth between groups. Positive value indicates greater mean score for treatment group relative to
control group.
dTest of overall effect of weighted mean difference; associated P value in parentheses. A P value < 0.05 is highlighted with an asterisk (*).
eRandom effects estimate of the weighted mean difference in growth between groups. Positive value indicates greater mean score for treatment group rela-
tive to control group.



formula (0.5–1.0 wt%). The most recent trial reported that nutri-
ent-enriched, postdischarge formula was included as part of the
feeding regimen available to all randomized groups (Jensen,
C.L., Chen, H., Prager, T.C., Fraley, J.K., Anderson, R.E., and
Heird, W.C., unpublished report). Two trials assessed growth to
57 wk PMA, whereas the third trial assessed growth up to hospi-
tal discharge when infants were 37 wk PMA (Table 6). Uauy et
al. (7,8,15,21–23) measured visual function by VEP acuity, elec-
troretinogram (ERG), and forced-choice preferential looking
(FPL) acuity, and Jensen et al. (Jensen, C.L., Chen, H., Prager,
T.C., Fraley, J.K., Anderson, R.E., and Heird, W.C., unpub-
lished report) measured VEP latency (at a 30-min arc). 

All trials reported that infants were randomly allocated to
formula groups, but only one reported adequate concealment
of allocation (Jensen, C.L., Chen, H., Prager, T.C., Fraley, J.K.,
Anderson, R.E., and Heird, W.C., unpublished report). Two tri-
als were double-blind (15, Jensen, C.L., Chen, H., Prager, T.C.,
Fraley, J.K., Anderson, R.E., and Heird, W.C., unpublished re-
port). Billeaud et al. (14) reported <20% attrition of infants at
the end of the study (37 wk PMA). Uauy et al. (7,8,15,21–23)
and Jensen et al. (Jensen, C.L., Chen, H., Prager, T.C., Fraley,

J.K., Anderson, R.E., and Heird, W.C., unpublished report) re-
ported >20% attrition at 57 wk PMA. There were no signifi-
cant differences in gestational age at birth (control 31.2 ± 1.2
wk compared with treatment 30.8 ± 1.5 wk) or birth weight
(control 1.5 ± 0.2 kg compared with treatment 1.4 ± 0.3 kg).
There were no differences in weight, length, or head circum-
ference between the groups through to 57 wk PMA (Table 7).

The included trials measured different aspects of visual
function that could not be combined. ERG analysis of one
study at 36 wk PMA showed that infants fed increased dietary
ALA had more sensitive rod photo receptors (log k WMD:
–0.34 scot td-sec, 95% CI: –0.59, –0.09; P = 0.009; n = 43) and
could respond to lower light intensities (rod threshold WMD:
–0.37 scot td-sec, 95% CI: –0.66, –0.08; P = 0.01; n = 43) than
infants fed control formula (Table 8). Birch et al. (22) reported
that the ALA-enriched group had significantly better FPL acu-
ity than the control group (P < 0.05) at 57 wk PMA (mean data
unavailable). One trial found no difference in VEP latency be-
tween groups (Table 8).

At term and 57 wk PMA, infants in the ALA-enriched group
had higher plasma and erythrocyte phospholipid EPA and DHA
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TABLE 3
Developmental Outcomes of Term Infants Fed ALA-Enriched Formulas Compared with Control 

Voigt et al. (20) and Total number of
Jensen et al. (13) Makrides et al. (11) infants Mean difference

Outcome treatment, controla,b treatment, controla,b (treatment, control) [95% CI]c Zd

Neurodevelopmente

Bayley I MDI
12 mon — 111(13), 109(15) 28, 29 1.99[−5.45, 9.43] 0.52(0.60)
24 mon — 106(20), 106(19) 24, 26 0.42[−10.45, 11.29]

Bayley I PDI
12 mon — 97(18), 104(18) 28, 29 −6.55[−15.98, 2.88] 1.36(0.17)
24 mon — 104(15), 108(18) 24, 26 −4.27[−13.52, 4.98] 0.90(0.37)

Bayley II MDI
12 mon 101(11), 101(11) — 11, 12 −0.50[−9.17, 8.17] 0.11(0.91)

Bayley II PDI
12 mon 96(11), 94(12) — 11, 12 2.70[−6.70, 12.10] 0.56(0.57)

CAT DQ
12 mon 105(5), 106(7) — 11, 12 −1.20[−5.92, 3.52] 0.50(0.62)

CLAMS DQ
12 mon 100(9), 99(6) — 11, 12 1.70[−4.43, 7.83] 0.54(0.59)

CAT/CLAMS DQ
12 mon 103(6), 102(4) — 11, 12 0.20[−3.87, 4.27] 0.10(0.92)

GM DQ
12 mon 102(7), 99(9) — 11, 12 3.30[−3.54, 10.14] 0.95(0.34)

Visual function
Visual evoked potential latency
4 mon 123(19), 131(9) 134(9), 135(10) 39, 41 −1.55[−6.16, 3.05] 0.66(0.51)
8 mon 116(13), 116(9) — 11, 11 0.15[−9.02, 9.32] 0.03(0.97)

Visual evoked potential acuity
4 mon — 0.7(0.1), 0.8(0.1) 23, 23 −0.05[−0.12, 0.02] 1.41(0.16)
8 mon — 0.4(0.2), 0.4(0.2) 17, 20 0.01[−0.13, 0.15] 0.14(0.89)

aMean and SD.
bSee footnote b in Table 2.
cFixed effects estimate of the weighted mean difference in development between groups. Positive value indicates greater mean score for treatment group rel-
ative to control group.
dSee footnote d in Table 2.
eBayley I, Bayley Scales of Infant Development First Edition; Bayley II, Bayley Scales of Infant Development Second Edition; CAT DQ, visual problem-solv-
ing ability; CLAMS DQ, language development; CAT/CLAMS DQ, overall cognition; MDI, mental developmental indices; PDI, psychomotor developmental
indices. For other abbreviations see Tables 1 and 2.
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TABLE 4
Blood DHA, EPA, and Arachidonic Acid (AA) levels (% total FA) of Term Infants Fed ALA-Enriched Formulas Compared with Control 

Total number
of infants

Jensen et al. (20) Makrides et al. (11) Ponder et al. (12) treatment, Mean difference
Outcome treatment, controla treatment, controla,b treatment, controla control [95% CI]c Zd

Plasma phospholipids
DHA
2 mon 2.25(0.66), 1.66(0.30) — 2.80(0.10), 2.40(0.30) 24, 30 0.43[0.28, 0.58] 5.47(<0.00001)*
4 mon 1.72(0.66), 1.27(0.35) 2.39(0.38), 1.95(0.30) — 43, 46 0.44[0.28, 0.60] 5.45(<0.00001)*
8 mon — 2.40(0.49), 1.77(0.41) — 25, 27 0.63[0.38, 0.88] 5.01(<0.00001)*

EPA
2 mon 0.31(0.10), 0.16(0.06) — 0.70(0.10), 0.20(0.10) 24, 30 0.32[−0.02, 0.67]e 1.85(0.06)
4 mon 0.29(0.11), 0.15(0.08) 0.40(0.10), 0.26(0.11) — 43, 46 0.14[0.10, 0.18] 6.43(<0.00001)*
8 mon — 0.56(0.28), 0.27(0.11) — 25, 25 0.29[0.17, 0.41] 4.82(<0.00001)*

AA
2 mon 6.20(2.00), 6.60(1.30) — 7.30(0.40), 8.80(0.40) 24, 30 −1.43[−1.74, −1.13] 9.18(<0.00001)*
4 mon 5.80(1.90), 6.20(1.40) 6.71(0.87), 6.91(0.92) — 43, 46 −0.22[−0.65, 0.20] 1.03(0.30)
8 mon — 8.03(1.47), 7.34(1.10) — 25, 27 0.69[−0.02, 1.40] 1.90(0.06)

Erythrocyte
phospholipids

DHA
2 mon 3.13(0.74), 2.47(0.70) — — 13, 16 0.66[0.13, 1.19] 2.45(0.01)*
4 mon 2.39(0.76), 1.73(0.51) 3.49(0.32), 3.03(0.35) — 43, 46 0.48[0.32, 0.64] 5.90(<0.00001)*
8 mon — 3.02(0.48), 2.36(0.30) — 25, 26 0.66[0.44, 0.88] 5.86(<0.00001)*

EPA
2 mon 0.30(0.06), 0.12(0.06) — — 13, 16 0.18[0.14, 0.22] 8.03(<0.00001)*
4 mon 0.34(0.05), 0.17(0.07) 0.43(0.07), 0.25(0.03) — 43, 46 0.18[0.15, 0.20] 15.01(<0.00001)*
8 mon — 0.51(0.15), 0.28(0.07) — 25, 26 0.23[0.17, 0.29] 6.97(<0.00001)*

AA
2 mon 15.10(1.10), 14.70(2.90) — — 13, 16 0.40[−1.14, 1.94] 0.51(0.61)
4 mon 16.60(1.50), 17.50(1.50) 14.05(0.72), 14.83(0.75) — 43, 46 −0.79[−1.14, −0.44] 4.41(<0.0001)*
8 mon — 14.48(0.92), 14.88(0.89) — 25, 26 −0.40[−0.90, 0.10] 1.58(0.11)

aMean and SD.
bSee footnote b in Table 2.
cFixed effects estimate of the weighted mean difference in FA between groups. Positive value indicates greater mean score for treatment group relative to
control group.
dSee footnote d in Table 2.
eRandom effects estimate of the weighted mean difference in FA between groups. Positive value indicates greater mean score for treatment group relative to
control group. For other abbreviations see Tables 1 and 2.

TABLE 5
Growth, Development and FA Status of Term Infants Fed Formulas Enriched with Both LA and ALA (LA:ALA constant)
Compared with Control 

Total number of
Innis et al. (10) Innis et al. (9) infants Mean difference

Outcome treatment, controla,b treatment, controla (treatment, control) [95% CI]c Zd

Growth at 4 mon
Weight (kg) 6.44(1.08), 6.76(0.83) — 16, 21 −0.32[−0.96, 0.32] 0.98(0.33)
Length (cm) 62.9(2.4), 63.7(3.2) — 16, 20 −0.77[−2.60, 1.06] 0.82(0.41)
Head circumference (cm) 41.3(1.5), 41.5(1.3) — 16, 20 −0.22[−1.17, 0.73] 0.45(0.65)

Development at 3 mon —
Preferential looking acuity — 2.67(0.64), 2.51(0.50) 57, 59 0.16[−0.05, 0.37] 1.50(0.13)

Plasma phospholipids at 4 mon (wt%)
DHA 1.90(0.69), 2.00(0.36) — 12, 13 −0.10[−0.54, 0.34] 0.45(0.65)
AA 8.00(1.73), 8.60(1.44) — 12, 13 −0.60[−1.85, 0.65] 0.94(0.35)
EPA 0.40(0.00), 0.40(0.00) — 12, 13 — —

aMean and SD.
bSee Table 2 for footnote b.
cFixed effects estimate of the weighted mean difference between groups. Positive value indicates greater mean score for treatment group relative to control
group.
dSee Table 2 for footnote d. See Tables 1, 2, and 4 for abbreviations.
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FIG. 1. Plasma and phospholipid DHA (22:6n-3), EPA (20:5n-3), and arachidonic acid (AA; 20:4n-6) levels (A, C, and E, respectively) and erythro-
cyte phospholipid DHA, EPA, and AA levels (B, D, and F, respectively) of formula-fed infants at 4 mon of age as a function of α-linolenic acid
(ALA; 18:3n-3) in the test formulas from two trials involving term infants (t) (11,20). The 95% confidence interval of plasma and erythrocyte phos-
pholipid DHA, EPA, and AA levels of fully breast-fed Australian infants at 4 mon of age are shown (– – –) (11).

r2 = 0.65 r2 = 0.54

r2 = 0.91

r2 = 0.43r2 = 0.62

r2 = 0.83
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than infants in the control group (Table 9). These higher blood
levels of n-3 LCPUFA were associated with a reduction in
plasma phospholipid AA at term but not at 57 wk PMA. 

DISCUSSION

This systematic review and meta-analysis includes trials de-
signed to modify 18-C PUFA in the diets of term and preterm in-
fants in order to improve infant DHA status and assess the ef-
fects on growth and development. Our review is unique in that
much of the data included were previously unpublished and were
made available by the investigators. This maximized the amount
of data available for the meta-analysis and decreased the risk of
publication bias. However, the review only identified only five
trials involving term infants and three trials involving preterm

infants. Although there are three possible dietary strategies to
improve the availability of ALA for metabolism to DHA, most
trials have simply assessed ALA enrichment without changing
LA. Only two studies increased total 18-C PUFA, and no trials
attempted to decrease dietary LA. The only studies to address
the latter option were successful in improving DHA status but
were not considered in this review because they were not ran-
domized (24,25), and no growth or developmental outcome data
were reported (25). The small number of trials was surprising
given the intense interest in DHA, a major metabolite of ALA. It
also highlighted the paucity and lack of commonality of data re-
lating to visual and developmental outcomes. 

There was no effect of dietary ALA enrichment on term in-
fant growth except at 12 mon of age where infants consuming
ALA-enriched formula were heavier and longer compared with
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TABLE 7
Weight, Length and Head Circumference of Preterm Infants Fed ALA-Enriched Formulas Compared with Control 

Total number 
of infants

Billeaud et al. (14) Uauy et al. (15) Jensen et al. (treatment Mean difference
Outcome (treatment, control)a (treatment, control)a (treatment, control)a,b control) [95% CI]c Zd

Weight (kg)
37–42 wk PMA 2.51(0.31), 2.53(0.30) 3.04(0.41), 3.25(0.41) — 47, 49 −0.07[−0.21, 0.06] 1.03(0.55)
48 wk PMA — 4.64(0.58), 4.69(0.46) 4.33(0.50), 4.88(0.93) 36, 31 −0.18[−0.46, 0.11] 1.23(0.22)
57 wk PMA — 6.05(0.75), 5.88(0.54) 5.56(0.61), 6.22(1.05) 32, 26 −0.12[−0.49, 0.26] 0.60(0.55)

Length (cm)
37–42 wk PMA 46.0(2.0), 46.0(2.0) 48.5(2.2), 48.5(2.0) — 47, 49 0.00[−0.82, 0.82] 0.00(1.00)
48 wk PMA — 55.1(2.0), 55.4(1.9) 53.6(2.4), 53.5(2.9) 36, 31 −0.20[−1.25, 0.84] 0.38(0.70)
57 wk PMA — 60.7(2.4), 60.5(2.1) 58.8(2.8), 59.4(3.1) 32, 26 −0.09[−1.40, 1.22] 0.13(0.89)

Head
circumference (cm)

37–42 wk PMA 33.0(1.0), 33.0(1.0) 34.8(1.3), 35.2(1.0) — 47, 49 −0.13[−0.55, 0.29] 0.61(0.54)
48 wk PMA — 38.7(1.4), 39.1(1.3) 38.0(1.4), 38.6(1.6) 36, 31 −0.49[−1.16, 0.19] 1.41(0.16)
57 wk PMA — 41.2(1.3), 41.4(1.3) 40.8(1.9), 42.5(5.6) 32, 26 −0.32[−1.23, 0.59] 0.69(0.49)

aMean and SD.
bAll figures were taken from Jensen, C.L., Chen, H., Prager, T.C., Fraley, J.K., Anderson, R.E., and Heird, W.C., unpublished report.
cFor footnote c see Table 2.
dFor footnote d See Table 2.

TABLE 8
Visual Development of Preterm Infants Fed ALA-Enriched Formulas Compared with Controls

Total number
of infants

Birch et al. (23) Jensen et al. (treatment, Mean difference
Outcome (treatment, control)a (treatment, control)a,b control) [95% CI]c Zd

Retinal function 
ERG - rod log k (scot td-sec)
36 wk PMA 1.39(0.55), 1.73(0.28) — 24, 19 −0.34[−0.59, −0.09] 2.63(0.009)*
57 wk PMA 0.44(0.26), 0.53(0.22) — 17, 12 −0.09[−0.27, 0.09] 1.01(0.31)

ERG - rod log threshold (scot td-sec)
36 wk PMA 0.71(0.59), 1.08(0.37) — 24, 19 −0.37[−0.66, −0.08] 2.51(0.01)*
57 wk PMA −1.38(0.26), −1.32(0.20) — 17, 12 −0.06[−0.23, 0.11] 0.70(0.48)

Visual function
Visual evoked potential latency
57 wk PMA — 144(24), 139(13) 15, 13 5.40[−8.58, 19.38] 0.76(0.45)

aMean and SD.
bAll figures were taken from Jensen, C.L., Chen, H., Prager, T.C., Fraley, J.K., Anderson, R.E., and Heird, W.C., unpublished report.
cFixed effects estimate of the weighted mean difference in development between groups. Positive value indicates greater mean score for treatment group rel-
ative to control group.
dFor footnote d see Table 2.



control infants. This time point was at least 4 mon after dietary
intervention had ceased. Furthermore, these findings may have
been influenced by the unbalanced randomization in the trial
conducted by Makrides et al. (11), which resulted in the ALA-
enriched group being consistently heavier and longer at birth and
throughout the dietary intervention. Although our meta-analysis
showed no differences in weight, length, or head circumference
at birth, the majority of 12-mon data were contributed by
Makrides et al. (11). The limited data do not support the sugges-
tion that perturbations in blood EPA and AA levels (induced by
high-ALA diets) were associated with lower weight or length in
term or preterm infants. In fact, the results showed no difference
in weight, length, or head circumference even at the specific
time-points where levels of erythrocyte AA were lower and EPA
erythrocyte levels were higher in the ALA-enriched group com-
pared with controls. Interestingly, the only study to suggest a
negative effect of ALA supplementation on weight gain was ob-
served between term infants fed high ALA (3.2 wt%, n = 13) and
low ALA (0.4 wt%, less than the control group of 1.7 wt% used
in this meta-analysis, n = 17) at one of four time-points assessed
(13). That dietary ALA enrichment did not influence the growth
of preterm infants raises questions in our minds as to the validity
of the individual finding relating to the growth of term infants
and highlights the limitations of single small trials and a meta-
analysis performed on few trials with small sample sizes.

It has been suggested that term infants fed formula with at
least 2% of total FA as ALA experience normal visual devel-
opment, whereas such a level may be inadequate for preterm
infants (26). The very limited developmental data available
from this meta-analysis can throw no light on this issue since

much of the data could not be combined and the limited sam-
ple sizes did not allow the detection of meaningful differences
for most outcomes. Interestingly, the majority of data available
were for VEP latency of term infants, and there were no group
differences for this outcome. Visual development studies in
preterm infants found those fed ALA-supplemented formula
(2.7 wt%) had significantly increased retinal function at 36 wk
PMA, but this effect was not sustained to 57 wk PMA. No tri-
als of ALA enrichment assessed the neurodevelopment of
preterm infants.

Pooled data indicate that infants consuming ALA-enriched
diets had significantly increased levels of plasma and erythro-
cyte DHA compared with controls. However, the strategy of in-
creasing ALA, without decreasing LA, was not effective in in-
creasing formula-fed infant DHA levels to breast-fed infant lev-
els but was effective in increasing EPA and decreasing AA
levels. Two nonrandomized studies, not included in this review,
aimed to increase infant DHA levels by lowering the LA content
of the diet. Clark et al. (25) lowered formula LA to 3.5 wt%,
maintained ALA at 1 wt%, and increased erythrocyte DHA lev-
els but not to breast-fed infant levels. Courage et al. (24) assessed
term infants fed evaporated milk with an LA/ALA ratio of 2.3:1
and showed increased erythrocyte PE DHA above formula-fed
infants but again not to breast-fed infant levels. Trials are needed
to address the relative benefits and risks of low-LA formulas.

Recommendations by international expert committees con-
cerning the ALA content of formula have been made in the
absence of an extensive database from randomized trials. This
review has verified the need for further studies with long-term
followup and large numbers of infants to ensure sufficient
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TABLE 9 
Blood DHA, EPA, and AA Levels (% total FA) of Preterm Infants Fed ALA-Enriched Formulas Compared with Control

Total number
of infants

Billeaud et al. (14) Uauy et al. (7) Jensen et al. (15) treatment, Mean difference
Outcome (treatment, control)a (treatment, control)a (treatment, control)a,b control [95% CI]c Zd

Plasma phospholipids
DHA
37–42 wk PMAe 2.27(0.82), 1.58(0.82) — — 25, 26 0.69[0.24, 1.14] 3.00(0.003)*
57 wk PMA — 2.11(0.47), 0.84(0.37) 1.40(0.30), 1.00(0.40) 31, 26 0.77[0.57, 0.97]f 7.57(<0.00001)*

EPA
37-–42 wk PMA 0.47(0.20), 0.20(0.15) — — 25, 26 0.27[0.17, 0.37] 5.44(<0.00001)*
57 wk PMA — 0.60(0.23), 0.20(0.08) 0.34(0.15), 0.15(0.09) 31, 26 0.27[0.19, 0.34]c 7.19(<0.00001)*

AA
37–42 wk PMA 7.08(1.17), 7.99(1.17) — — 25, 26 −0.91[−1.55, −0.27] 2.78(0.005)*
57 wk PMA — 5.26(1.29), 4.88(1.23) 5.40(1.50), 6.30(1.20) 31, 26 −0.21[−0.88, 0.47] 0.60(0.55)

Erythrocyte
phospholipids
DHA
57 wk PMA — 2.41(0.86), 1.15(0.77) — 16, 13 1.26[0.67, 1.85] 4.16(<0.0001)*

EPA
57 wk PMA — 0.46(0.22), 0.24(0.11) — 16, 13 0.22[0.10, 0.34] 3.50(0.0005)*

AA
57 wk PMA — 13.70(3.90), 14.00(1.90) — 16, 13 −0.30[−2.47, 1.87] 0.27(0.79)

aMean and SD.
bAll figures were taken from unpublished data.
cFixed effects estimate of the weighted mean difference in FA between groups. Positive value indicates greater mean score for treatment group relative to control
group.
dFor footnote d see Table 2.
ePMA, postmenstrual age.
fRandom effects estimate of the weighted mean difference in FA between groups. Positive value indicates greater mean score for treatment group relative to control group. 



statistical power to detect growth and developmental differ-
ences between dietary groups, should they exist. Practically,
the findings from such trials will ensure that future recommen-
dations regarding the 18-C PUFA levels for term and preterm
infant formula will be more rigorous and evidence-based.
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ABSTRACT: Fish are an important source of the n-3 highly un-
saturated fatty acids (HUFA), eicosapentaenoic (EPA) and do-
cosahexaenoic (DHA) acids that are crucial to the health of
higher vertebrates. The synthesis of HUFA involves enzyme-
mediated desaturation, and a ∆5 fatty acyl desaturase cDNA has
been cloned from Atlantic salmon (Salmo salar) and function-
ally characterized previously. Here we report cloning and func-
tional characterization of a ∆6 fatty acyl desaturase of Atlantic
salmon and describe its genomic structure, tissue expression,
and nutritional regulation. A salmon genomic library was
screened with a salmon ∆5 desaturase cDNA and positive re-
combinant phage isolated and subcloned. The full-length cDNA
for the putative fatty acyl desaturase was shown to comprise
2106 bp containing an open reading frame of 1365 bp specify-
ing a protein of 454 amino acids (GenBank accession no.
AY458652). The protein sequence included three histidine
boxes, two transmembrane regions, and an N-terminal cy-
tochrome b5 domain containing the heme-binding motif HPGG,
all of which are characteristic of microsomal fatty acid desat-
urases. Functional expression showed that this gene possessed
predominantly ∆6 desaturase activity. Screening and sequence
analysis of the genomic DNA of a single fish revealed that the
∆6 desaturase gene constituted 13 exons in 7965 bp of genomic
DNA. Quantitative real-time PCR assay of gene expression in
Atlantic salmon showed that both ∆6 and ∆5 fatty acyl desat-
urase genes, and a fatty acyl elongase gene, were highly ex-
pressed in intestine, liver, and brain, and less so in kidney,
heart, gill, adipose tissue, muscle, and spleen. Furthermore, ex-
pression of both ∆6 and ∆5 fatty acyl desaturase genes in intes-
tine, liver, red muscle, and adipose tissue was higher in salmon
fed a diet containing vegetable oil than in fish fed a diet con-
taining fish oil.

Paper no. L9602 in Lipids 40, 13–24 (January 2005).

Highly unsaturated fatty acids (HUFA), including arachidon-
ate (20:4n-6), EPA (20:5n-3), and DHA (22:6n-3), are crucial
to the health and normal development of higher vertebrates
(1–3). Fish are the most important source of n-3 HUFA for
humans, but with fisheries in decline, an increasing propor-
tion of fish are being provided by rapidly expanding aquacul-

ture (4). Paradoxically, aquaculture is itself dependent on fish-
eries for the provision of fish meals and oils traditionally used
in the feed formulations (5). Their use ensures the high nutri-
tional quality of farmed fish through the high levels of n-3
HUFA that fish oil (FO) and fish meal provide. However,
feed-grade fisheries have reached sustainable limits. Along
with concern over organic contaminants in FO, this has dic-
tated that alternatives to FO must be found if aquaculture is
to continue to expand and supply more of the global demand
for fish (6).

The only practical, sustainable alternative to FO is veg-
etable oils (VO), which are rich in C18 PUFA but devoid of
the n-3 HUFA abundant in FO (7). Consequently, tissue FA
compositions in fish fed VO are characterized by increased
levels of C18 PUFA and decreased levels of n-3 HUFA, which
may reduce their nutritional value to the human consumer (8).
The extent to which fish can convert C18 PUFA to HUFA
varies, associated with their complement of FA desaturase en-
zymes. Although Atlantic salmon (Salmo salar L.) are capa-
ble of producing DHA from 18:3n-3, and so express the nec-
essary desaturase activities, the production is insufficient to
maintain n-3 HUFA in fish fed VO at levels found in fish fed
FO (9–11). Our primary hypothesis is that understanding the
molecular basis of HUFA biosynthesis and its regulation in
fish will enable us to optimize the activity of the pathway to
ensure efficient and effective use of VO in aquaculture while
maintaining the nutritional quality of farmed fish for the con-
sumer.

∆5 and ∆6 fatty acyl desaturases and elongases are critical
enzymes in the pathways for the biosynthesis of HUFA. In re-
cent years, significant progress has been made in characteriz-
ing FA desaturases involved in HUFA synthesis (12). Full-
length cDNAs for ∆6 desaturases have been isolated from the
filamentous fungus Mortierella alpina (13), the nematode
Caenorhabditis elegans (14), rat (15), mouse and human (16).
FA ∆5 desaturase genes have been isolated from M. alpina
(17), C. elegans (18,19), and humans (20,21). Moreover, we
have reported isolation of a cDNA of zebrafish (Danio rerio,
GenBank accession no. AF309556) that has high similarity to
mammalian ∆6 desaturase genes. Functional analysis by het-
erologous expression in the yeast Saccharomyces cerevisiae
indicated that the zebrafish gene was unique in that the cDNA
encoded an enzyme having both ∆6 and ∆5 desaturase activi-
ties (22). Putative FA desaturase cDNAs have now also been
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Abbreviations: FO, fish oil; HUFA, highly unsaturated fatty acids (carbon chain
length ≥20 with ≥3 double bonds); MMLV, Moloney murine leukemia virus;
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action; RACE, rapid amplification of cDNA ends; SCMM, Saccharomyces cere-
visiae minimal medium; UTR, untranslated region; VO, vegetable oil. 
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isolated and cloned from rainbow trout (Oncorhynchus
mykiss, GenBank accession no. AF301910) (23) and gilthead
seabream (Sparus aurata, GenBank accession no. AY055749)
(24). Functional analysis showed that these two desaturase
genes, along with cDNAs recently cloned from common carp
(Cyprinus carpio, GenBank accession no. AF309557) and
turbot (Psetta maximus, GenBank accession no. AF301910)
encoded basically unifunctional ∆6 FA desaturase enzymes
responsible for the first and possibly rate-limiting step in the
biosynthesis of HUFA from 18:3n-3 and 18:2n-6 (25). Re-
cently, a full-length cDNA for a desaturase containing 1365
bp encoding 454 amino acid residues has been cloned from
Atlantic salmon (GenBank accession no. AF478472). Func-
tional analysis showed that this gene was primarily a ∆5 de-
saturase with virtually no ∆6 activity (26). Therefore, it was
presumed that other FA desaturase genes should be present in
Atlantic salmon. 

The objectives of the study described here were, first, to
clone and functionally characterize a ∆6 desaturase gene of
Atlantic salmon; second, to describe its genomic structure;
and third, to place it in evolutionary and physiological con-
texts. Therefore, we detail the exon/intron organization of a
salmon ∆6 desaturase gene, describe the expression profile of
both ∆6 and ∆5 fatty acyl desaturase and fatty acyl elongase
genes in various tissues, and demonstrate nutritional regula-
tion of the fatty acyl desaturase genes.

MATERIALS AND METHODS

Putative desaturase cloning and its genomic organization. An
Atlantic salmon genomic DNA library constructed previously
with the lambda FIX II/Xho I partial fill-in vector kit (Strata-
gene, La Jolla, CA) was probed with a full-length salmon ∆5
fatty acyl desaturase cDNA (GenBank accession no.
AF478472). Inserts of positive recombinant phages were iso-
lated and subcloned into the pBluescript KS II vector for se-
quencing (Stratagene). The full putative desaturase genomic
nucleotide sequence was assembled using BioEdit, version
5.0.6 (Tom Hall, Department of Microbiology, North Car-
olina State University, Raleigh, NC). 

Total RNA was extracted from liver tissue of Atlantic
salmon fed a standard extruded diet based on fish meal and
FO using TRIzol® reagent (GibcoBRL, Grand Island, NY).
3′-RACE (rapid amplification of cDNA ends) cDNA was
synthesized using MMLV (Moloney murine leukemia virus)
reverse transcriptase (Promega, Madison, WI) primed by the
oligonucleotide, T7PolyT, 5′-TACGACTCATATAGGGCGT-
GCAGTTTT TTTTTTTT-3′. The specific sense primer,
D6P31, 5′-CAGGGGTGGGCCCGGTGGAGGGCTA-3′ was
designed for 3′-RACE PCR based on the genomic sequence
described above. This was used in conjunction with T7PolyT
primer for the RACE PCR isolation of the salmon desaturase
cDNA fragment predicted to contain the 3′ UTR (untranslated
region). PCR amplification was performed using the Hotstar
Taq master kit (Qiagen, Crowley, West Sussex, United King-
dom) and involved an initial denaturation step at 95°C for 15

min, followed by 30 cycles of denaturation at 95°C for 30 s,
annealing at 58°C for 30 s, and extension at 72°C for 3 min.
The final extension at 72°C was for 10 min. 5′-RACE-cDNA
was synthesized using the SMARTTM RACE cDNA amplifi-
cation kit (Clontech, Palo Alto, CA). The primer, SD6PPR3,
5′-GTCGCATTCCATCCCAATCC-3′ was designed accord-
ing to the 3′-RACE PCR fragment sequence. This was used
in conjunction with universal primer mix: long 5′-CTAATAC-
GACTCACTATAGGGCAAGCAGTGGTACAACGGA-
GT-3′ and short 5′-CTAATACGACTCACTATAGGGC-3′ to
perform 5′-RACE PCR using high-fidelity DNA polymerase
(Roche Diagnostics Ltd., Lewes, East Sussex, United King-
dom). Amplification involved an initial step at 95°C for 1 min
and 70°C for 3 min, and four cycles of denaturation at 95°C
for 15 s, annealing at 62°C for 1 min, and extension at 72°C
for 1 min 30 s, followed by 27 cycles of denaturation at 95°C
for 15 s, annealing at 56°C for 30 s and extension at 72°C for
1 min 30 s. The final extension at 72°C was for 10 min. 

All RACE PCR products were cloned into the pBluescript
KS II+ vector for sequencing. The 3′ and 5′ RACE PCR frag-
ment sequences were aligned to assemble the full nucleotide
sequence of the putative desaturase cDNA using BioEdit, ver-
sion 5.0.6. The assembled putative fatty acyl desaturase
cDNA sequence and its genomic DNA sequence were aligned
to assign consensus donor and acceptor splice recognition se-
quences.

Heterologous expression of desaturase open reading
frames (ORF) in S. cerevisiae. PCR amplification was carried
out to clone the salmon putative desaturase cDNA ORF.
Sense primer, D6RF2, 5′-ATGGGGGGCGGAGGCCAGCA-
GAATGATTCAG-3′, and antisense primer, D6RR1, 5′-AT-
GCGATGGATTAAATCCCG –3′ (located in the 3′ UTR)
were designed for first-round PCR after comparing nucleotide
sequences of this putative cDNA and the ∆5 desaturase
cDNA. Expression primers were designed for a second round
of PCR. The sense primer, SalpYESFOR, 5′-CCCAAGCTTAC-
TATGGGGGGCGGAGGCC-3′ contains a HindIII site (un-
derlined) and antisense primer, SalPYESREV2, 5′- CCG-
CTCGAGTCATTTATGGAGATATGCAT-3′ contains an XhoI
site (underlined). PCR was performed using high-fidelity
DNA polymerase (Roche Diagnostics Ltd.) following the
manufacturer’s instructions. Amplification involved an initial
denaturation step at 95°C for 2 min, followed by 30 cycles of
denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and
extension at 72°C for 2 min and 30 s followed by a final ex-
tension at 72°C for 10 min.

Following PCR, the DNA fragments were restricted with
the appropriate enzymes, HindIII and XhoI, and ligated into
the similarly digested yeast expression vector pYES2 (Invi-
trogen Ltd., Paisley, United Kingdom). Ligation products were
then used to transform Top10F′ Escherichia coli competent
cells (Invitrogen Ltd.), which were screened for the presence
of recombinants. Transformation of the yeast S. cerevisiae
(strain InvSc1) with the recombinant plasmids was carried out
using the S.c.EasyComp Transformation Kit (Invitrogen
Ltd.). Selection of yeast containing the desaturase/pYES2
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constructs was on S. cerevisiae minimal medium (SCMM)
minus uracil. Culture of the recombinant yeast was carried out
in SCMM–uracil broth as described previously (22), using galac-
tose induction of gene expression. Each culture was supple-
mented with one of the following PUFA substrates: α-linolenic
acid (18:3n-3), linoleic acid (18:2n-6), eicosatetraenoic acid
(20:4n-3), dihomo-γ-linoleic acid (20:3n-6), docosapentaenoic
acid (22:5n-3), or docosatetraenoic acid (22:4n-6). PUFA were
added to the yeast cultures at concentrations of 0.5 mM (C18),
0.75 mM (C20), and 1 mM (C22), as uptake efficiency decreases
with increasing chain length. Yeast cells were harvested,
washed, and dried, and lipid was extracted by homogenization
in chloroform/methanol (2:1, vol/vol) containing 0.01% BHT
as antioxidant as described previously (22). FAME were pre-
pared, extracted, purified by TLC, and analyzed by GC, all as
described previously (22). The proportion of substrate FA con-
verted to the longer-chain FA product was calculated from the
gas chromatograms as 100 × [product area/(product area +
substrate area)]. Unequivocal confirmation of FA products
was obtained by GC–MS of the picolinyl derivatives as de-
scribed in detail previously (22).

Salmon tissue RNA extraction and quantitative real-time
PCR (qrtPCR). Tissue expression profiles and effects of diet
were investigated in Atlantic salmon that had been fed one of
two diets from the first feeding. The diets consisted of a con-
trol in which FO was the only added oil and an experimental
diet in which 75% of the FO was replaced by a VO blend con-
taining rapeseed, palm, and linseed oils in a 3.7:2:1 ratio.
Both diets were fishmeal-based and contained 48% protein,
26% lipid, 7% moisture, and 8% ash as determined by proxi-
mate analyses. The FA compositions of the diets (6 mm pel-
let) are given in Table 1. The diets were prepared by the Nu-
treco Aquaculture Research Centre (Stavanger, Norway) and
formulated to satisfy the nutritional requirements of salmonid
fish (27). 

Fish were sampled in November 2003, 6 mon after seawa-
ter transfer, following 18 mon on the diets, at which point the
weights of the fish fed the FO and VO diets were 1250.0 ±
84.9 and 1280.0 ± 79.4 g, respectively. Eight fish per dietary
treatment were sampled, and liver, brain, heart, kidney, gill,
intestine (pyloric caeca), spleen, white and red muscle, and
adipose tissue were collected, frozen immediately in liquid
nitrogen, and subsequently stored at –80°C before extraction.
Total RNA extraction was performed as described above.
Five micrograms of total RNA was reverse-transcribed into
cDNA using an MMLV reverse transcriptase first strand
cDNA synthesis kit (Promega UK, Southampton, United
Kingdom). Gene expression of the fatty acyl ∆6 and ∆5 de-
saturase, and fatty acyl elongase genes in tissue from individ-
ual salmon fed the different diets were studied by quantita-
tive real-time PCR (qrt-PCR). β-Actin was used for normal-
ization of mRNA levels. The PCR primers were designed
according to ∆6 desaturase (accession no. AY458652), and
the published ∆5 desaturase (accession no. AF478472), elon-
gase (accession no. AY170327), and β-actin (accession no.
AF012125) cDNA sequences. For the ∆6 desaturase, the for-

ward primer was 5′-CCCCAGACGTTTGTGTCAG-3′, and
the reverse primer was 5′-CCTGGATTGTTGCTTTGGAT-
3′. For the ∆5 desaturase, the forward primer was 5′-GT-
GAATGGGGATCCATAGCA-3′, and the reverse primer was
5′-AAACGAACGGACAACCAGA-3′. For the elongase, the
forward and reverse primers were 5′-TGATTTGTGTTC-
CAAATGGC-3′ and 5′-CTCATGACGGGAACCT CAAT-3′,
respectively. For β-actin, 5′-ACATCAAGGAGAAGCT-
GTGC-3′ and 5′-GACAACGGAACCTCTCGTTA-3′ were
the forward and reverse primers, respectively. PCR product
sizes were 181, 192, 219, and 141 bp, respectively. The lin-
earized plasmid DNA containing the target sequence for each
gene was quantified to generate a standard curve of known
copy number. Amplification of cDNA samples and DNA
standards was carried out using a SYBR Green PCR kit (Qia-
gen) under the following conditions: 15 min denaturation at
95°C, 45 cycles of 15 s at 94°C, 15 s at 55°C, and 30 s at
72°C. This was followed by product melt to confirm single
PCR products. Thermal cycling and fluorescence detection
were conducted in a Rotor-Gene 3000 system (Corbett Re-
search, Cambridge, United Kingdom). The copy numbers of
the specific genes in the sample, normalized to total RNA,
were used to compare expression levels between different tis-
sues, and the ratios of copy numbers between the target genes
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TABLE 1
FA Composition (percentage of total FA) of Dietsa

FO VO

14:0 6.1 2.4
16:0 14.7 16.0
18:0 2.8 3.3
Total saturatedb 24.3 21.9

16:1n-7c 5.0 2.0
18:1n-9 13.5 35.2
18:1n-7 2.5 2.3
20:1n-9d 10.4 3.6
22:1n-11e 14.9 4.8
24:1n-9 0.7 0.3
Total monoenes 47.0 48.2

18:2n-6 4.0 11.8
20:4n-6 0.5 0.2
Total n-6 PUFAf 5.1 12.2

18:3n-3 1.1 8.5
18:4n-3 2.4 0.8
20:4n-3 0.7 0.2
20:5n-3 6.7 2.8
22:5n-3 1.1 0.4
22:6n-3 10.4 4.5
Total n-3 PUFAg 22.4 17.3

Total PUFAh 28.7 29.9
aData are the means of two samples. FO, fish oil; VO, vegetable oil blend.
bTotals contain 15:0 present at up to 0.5%.
cContains 16:1n-9.
dContains 20:1n-11 and 20:1n-7.
eContains 22:1n-9.
fTotals contain 18:3n-6, 20:2n-6, 20:3n-6, and 22:5n-6 present at up to
0.2%.
gTotals contain 20:3n-3 present at up to 0.1%.
hTotals contain C16 PUFA.



and β-actin were calculated and used to compare the gene ex-
pression levels in fish fed the two diets.

Sequence analysis. Nucleotide sequences were determined
by standard dye terminator chemistry using a PerkinElmer
ABI-377 DNA sequencer following the manufacturer’s pro-
tocols (PerkinElmer, Applied Biosystems). Deduced amino
acid sequences of desaturases from various species were
aligned using ClustalX, and sequence phylogenies were pre-
dicted using the Neighbour Joining method (28). Confidence
in the resulting phylogenetic tree branch topology was mea-
sured by bootstrapping through 1000 iterations.

Materials. Eicosatetraenoic (20:4n-3), docosapentaenoic
(22:5n-3), and docosatetraenoic (22:4n-6) acids (all >98–99%
pure) were purchased from Cayman Chemical Co. (Ann
Arbor, MI). Linoleic (18:2n-6), α-linolenic (18:3n-3), and
eicosatrienoic (20:3n-6) acids (all >99% pure), BHT, 1,1′-car-
bonyldiimidazole, 2,2-dimethoxypropane, FA-free BSA,
galactose, 3-(hydroxymethyl) pyridine, HBSS, nitrogen base,
raffinose, tergitol NP-40, and uracil dropout medium were ob-
tained from Sigma Chemical Co. Ltd. (Dorset, United King-
dom). TLC (20 cm × 20 cm × 0.25 mm) plates precoated with
silica gel 60 (without fluorescent indicator) were purchased
from Merck (Darmstadt, Germany). All solvents were HPLC
grade and were from Fisher Scientific (Loughborough, United
Kingdom).

RESULTS

Sequence analyses. The full length of the putative salmon de-
saturase cDNA (mRNA), as determined by 5′- and 3′-RACE
PCR, was shown to be 2106 bp, which included a 5′-UTR of
284 bp and a 3′-UTR of 457 bp. Sequencing revealed that the
cDNA included an ORF of 1365 bp, which specified a pro-
tein of 454 amino acids (GenBank accession no. AY458652).
The protein sequence included all the characteristic features
of microsomal FA desaturases, including three histidine
boxes and an N-terminal cytochrome b5 domain containing
the heme-binding motif, HPGG (Fig. 1). The protein se-
quence also contained two transmembrane regions. These
features are similar to those of other FA desaturase genes in-
cluding salmon ∆5 desaturase, the zebrafish ∆6/∆5 desat-
urase, and the human ∆5 (GenBank accession no. AF126799)
and ∆6 (GenBank accession no. AF199596) desaturases.
However, the new salmon desaturase, like the salmon ∆5 de-
saturase and the rainbow trout ∆6 desaturase sequences, had
an insertion of 10 amino acid residues at the N-terminal end. 

A pairwise comparison was made between fish and human
desaturase sequences. The amino acid sequence predicted by
the salmon putative (∆6) desaturase ORF shows 91% identity
to the salmon ∆5 desaturase, and 94% identity to the trout ∆6
desaturase. The salmon cDNA shows 65% identity to that of
the zebrafish ∆6/∆5 desaturase, and 65 and 58% identity to
the human ∆6 and ∆5 cDNAs, respectively. 

A phylogenetic tree was constructed on the basis of the
amino acid sequence alignments between the salmon fatty
acyl desaturases and 15 other desaturases of fish and mam-

mals (Fig. 2). The phylogenetic analysis clustered the new At-
lantic salmon putative desaturase sequence with the Atlantic
salmon ∆5 desaturase, rainbow trout ∆6 desaturase and other,
as yet uncharacterized, masou (cherry) salmon (Oncorhynchus
masou) desaturase genes, but closest to the trout ∆6 desat-
urase. The salmonid desaturases clustered more closely with
turbot, sea bream, and tilapia (Oreochromis nilotica) desat-
urases than with carp ∆6 desaturase and zebrafish ∆5/∆6 de-
saturase. All of the fish desaturase genes clustered together,
and closer to the mammalian (mouse and human) ∆6 desat-
urases than to the mammalian ∆5 desaturases. 

Functional characterization. The salmon desaturase
cDNA was functionally characterized by determining the FA
profiles of transformed S. cerevisiae containing either the
pYES vector alone or the vector with the salmon desaturase
cDNA insert, grown in the presence of a variety of potential
FA substrates, including ∆6 substrates (18:2n-6 and 18:3n-3),
∆5 substrates (20:3n-6 and 20:4n-3), and ∆4 substrates
(22:4n-6 and 22:5n-3). The FA composition of the yeast trans-
formed with the vector alone showed the four main FA nor-
mally found in S. cerevisiae, namely 16:0, 16:1n-7, 18:0, and
18:1n-9, together with the exogenously derived FA. This is
consistent with S. cerevisiae not possessing ∆5 or ∆6 FA de-
saturase activities (Figs. 3 and 4). The most prominent addi-
tional peaks were observed in the profiles of transformed
yeast grown in the presence of the ∆6 desaturase substrates,
18:3n-3 and 18:2n-6 (Fig. 3). Based on GC retention time and
confirmed by GC–MS, the additional peaks associated with
the presence of the salmon desaturase cDNA were identified
as 18:4n-3 (Fig. 3B) and 18:3n-6 (Fig. 3D), corresponding to
the ∆6 desaturation products of 18:3n-3 and 18:2n-6, respec-
tively. Approximately, 60.1% of 18:3n-3 was converted to
18:4n-3 and 14.4% of 18:2n-6 was converted to 18:3n-6 in
yeast transformed with the salmon desaturase (Table 2). How-
ever, a very small additional peak representing desaturated
FA product, as confirmed by GC–MS, was observed in the
lipids of S. cerevisiae transformed with the desaturase cDNA
when the transformed yeast was incubated with 20:4n-3
(Figs. 4A and 4B). About 2.3% of 20:4n-3 (n-3 ∆5 activity)
was desaturated by the salmon clone, but no product of desat-
uration of the 20:3n-6 substrate was detected, indicating no
significant n-6 ∆5 desaturase activity. The desaturase cDNA
did not express any ∆4 desaturase activity as evidenced by
the lack of any observable additional peaks representing de-
saturated products of 22:5n-3 or 22:4n-6 (data not shown).
Overall, therefore, the results showed that the salmon desat-
urase cDNA-encoded enzyme was essentially a ∆6 fatty acyl
desaturase, with only a very low level of ∆5 desaturase activ-
ity, and no ∆4 desaturase activity. 

Genomic structure. The alignment of the ∆6 fatty acyl de-
saturase cDNA and the genomic sequences revealed 13 exons
spanning 7965 bp of genomic DNA as illustrated in Table 3.

FA desaturase and elongase gene expression in salmon tis-
sues. To identify which tissues were likely to contribute to
HUFA synthesis in the Atlantic salmon, reverse transcription
qrtPCR was used to examine the tissue distribution of ∆6 and
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∆5 fatty acyl desaturase and fatty acyl elongase mRNAs. The
results showed that the three genes were expressed in all tis-
sues examined, with the highest expression in terms of the ab-
solute copy numbers (mean ± SD, n = 8) in intestine, followed
by liver and brain (Fig. 5). In comparison with the ∆5 desat-
urase, the transcript copy abundance for the ∆6 desaturase

was higher in these tissues with higher expression, but lower
in tissues with lower expression, other than kidney. The tran-
script copy abundance for fatty acyl elongase was much lower
than that for the ∆6 and ∆5 desaturases in all tissues.

The ratios of copy numbers between the target genes and
β-actin were determined (means ± SD, n = 4), and the fold
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FIG. 1. Comparison of the deduced amino acid sequence of ∆6 and ∆5 polyunsaturated fatty acyl desaturases from Atlantic salmon with that of de-
saturases from trout, zebrafish, and humans. Identical residues are shaded black, and similar residues are shaded grey. Identity/similarity shading
was based on the BLOSUM62 matrix, and the cutoff for shading was 75%. The cytochrome b5-like domain is dot-underlined, the two transmem-
brane regions are dash-underlined, the three histidine-rich domains are solid underlined, and asterisks on the top mark the heme-binding motif,
HPGG.

****



difference between the mean value of target gene expression
in the tissue of fish fed VO was calculated relative to the ex-
pression in tissues of fish fed FO (Fig. 6). The results revealed
that ∆6 and ∆5 fatty acyl desaturase gene expression in liver
and red muscle of fish fed VO was significantly increased
compared with fish fed the FO diet, whereas the expression
of both desaturases in heart and spleen, and ∆5 in gill and kid-
ney was decreased in fish fed VO (Fig. 6). Expression of both
desaturases in intestine and adipose tissue was also higher in
fish fed VO, although with the high variation these effects
were below the level of statistical significance. However,
feeding VO decreased the expression of the fatty acyl elon-
gase gene in most tissues, significantly so in heart, gill, brain,
adipose, spleen, and kidney (Fig. 6).

DISCUSSION

Several fish desaturases have been cloned and functionally
characterized in recent years. These are the bifunctional ze-
brafish enzyme showing both ∆6 and ∆5 desaturase activity
(22), an Atlantic salmon desaturase that was shown to be pre-
dominantly an n-3 ∆5 desaturase (26), and common carp, rain-
bow trout, gilthead seabream, and turbot desaturases that were
all shown to be predominantly ∆6 desaturases (25). The bifunc-
tional nature of the ∆6/∆5 desaturase of zebrafish suggested
that it may be a prototypic or ancestral progenitor desaturase
(22,29). But the subsequent characterization of several essen-
tially unifunctional ∆6 fish desaturases and the salmon ∆5 de-
saturase indicates that the zebrafish enzyme might be atypical. 

The study described here has further increased our knowl-
edge of PUFA desaturases in fish. The cloning and functional
characterization of a predominantly ∆6 desaturase gene
makes the Atlantic salmon the first fish species to be shown
to have separate and distinct genes for ∆6 and ∆5 desaturases,
as reported previously for C. elegans (14,18,19) and humans
(16,20,21). The salmon ∆6 desaturase clone also showed
measurable, but very low, levels of ∆5 activity and thus was
similar to other fish ∆6 desaturases of carp, trout, seabream,
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FIG. 2. Phylogenetic tree of ∆6 and ∆5 desaturases from salmon, and
desaturases from other fish species (zebrafish, cherry salmon, rainbow
trout, seabream, common carp, turbot, and tilapia), mammals (mouse
and human), fungus (Mortierella alpina), and nematode (Caenorhabditis
elegans). The tree was constructed using the Neighbour Joining method
using ClustalX and NJPLOT. The horizontal branch length is propor-
tional to the amino acid substitution rate per site. The numbers repre-
sent the frequencies with which the tree topology presented here was
replicated after 1000 bootstrap iterations. Sequences marked with an
asterisk are not functionally characterized.

FIG. 3. Functional expression of the Atlantic salmon putative fatty acyl
desaturase in transgenic yeast (Saccharomyces cerevisiae) grown in the
presence of ∆6 substrates, 18:3n-3 and 18:2n-6. FA were extracted from
yeast transformed with pYES vector without insert (A and C) or contain-
ing the putative FA desaturase cDNA insert (B and D). The first four
peaks in panels A–D are the main endogenous FA of S. cerevisiae,
namely, 16:0 (1), 16:1n-7 (2), 18:0 (3), and 18:1n-9 (with 18:1n-7 as
shoulder) (4). Peak 5 in panels A and B, and peak 7 in panels C and D
are the exogenously added substrate FA, 18:3n-3 and 18:2n-6, respec-
tively. Peaks 6 and 8 in panels B and D were identified as the resultant
desaturated products, namely, 18:4n-3 and 18:3n-6, respectively. Verti-
cal axis, FID response; horizontal axis, retention time.



and turbot (25). But, unlike the zebrafish desaturase, which
showed very significant ∆5 desaturase activity at around 70%
of the ∆6 activity (22), the n-3 ∆5 activity in the salmon
cDNA product was only 3.8% of the ∆6 activity. It is likely
that the level of ∆5 desaturase activity measured is of limited
physiological significance. 

The study described here also clearly showed that the
salmon ∆6 desaturase has a marked preference for the n-3
substrate 18:3n-3 over the n-6 substrate 18:2n-6. A similar
preference for n-3 FA substrates rather than n-6 substrates on
heterologous expression in yeast was observed previously

with the zebrafish ∆6/∆5 desaturase, salmon ∆5 desaturase
(22,26), and trout, seabream, carp, and turbot ∆6 desaturases
(25). These data are consistent with earlier enzymological
studies investigating the desaturation of 14C-labeled FA sub-
strates in primary hepatocytes (9), primary brain astrocytes
(30), and established cell lines (31). Therefore, it appears that
greater activity toward n-3 PUFA may be a characteristic of
fish fatty acyl desaturases. In contrast, functional characteri-
zation of ∆6 desaturases of other organisms including nema-
todes, mammals, fungi, mosses, and higher plants failed to
show a preference for either 18:3n-3 or 18:2n-6 substrates,
although recently ∆6 desaturases have been identified in
Primula sp. that have a preference for n-3 substrates (32).
However, data of these kinds obtained from heterologous ex-
pression can be regarded as only semiquantitative, as there
are likely to be differences between FA, for example, in their
uptake into organisms such as yeasts (33).

The present study shows unequivocally that distinct ∆6
and ∆5 desaturase genes exist in Atlantic salmon, as is the
case in humans, and possibly in mammals in general. How-
ever, the two salmon cDNAs are very similar in that the pre-
dicted amino acid sequence encoded by the ∆6 cDNA is 91%
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FIG. 4. Functional expression of the Atlantic salmon putative fatty acyl
desaturase in transgenic yeast (Saccharomyces cerevisiae) grown in the
presence of ∆5 substrates, 20:4n-3 and 20:3n-6. FA were extracted from
yeast transformed with pYES vector without insert (A and C) or contain-
ing the putative FA desaturase cDNA insert (B and D). The first four
peaks in panels A–D are as described in the caption to Figure 3. Peak 9
in panels A and B, and peak 11 in panels C and D are the exogenously
added substrate FA, 20:4n-3 and 20:3n-6, respectively. Peak 10 in panel
B was identified as the resultant desaturated product of 20:4n-3,
namely, 20:5n-3. Vertical axis, FID response; horizontal axis, retention
time.

TABLE 2
Functional Characterization of Salmon FA Desaturase cDNA Clone 
in the Yeast Saccharomyces cerevisiae

Desaturase Conversion 
PUFA substrates Products activity ratea (%)

α-Linolenic acid (18:3n-3) 18:4n-3 ∆6 60.1
Linoleic acid (18:2n-6) 18:3n-6 ∆6 14.4
Eicosatetraenoic acid (20:4n-3) 20:5n-3 ∆5 2.3
Dihomo-γ-linolenic acid (20:3n-6) 20:4n-6 ∆5 0
Docosapentaenoic acid (22:5n-3) 22:6n-3 ∆4 0
Docosatetraenoic acid (22:4n-6) 22:5n-6 ∆4 0
aConversion rates represent the proportion of substrate FA converted to the
longer-chain FA product, calculated from the gas chromatograms as 100 ×
[product area/(product area + substrate area)].

TABLE 3
Exon and Intron Boundaries of Atlantic Salmon ∆6 Fatty Acyl 
Desaturase

Intron
Exon Size (bp) 3′ splice acceptor 5′ splice donor size (bp)

1 25a ..AATATTGgtgagtg.. 698
2 496b ..tttgcagCTGGCCC.. ..TGCCACGgtcagta.. 1127
3 111 ..tttgtagGACGCAT.. ..GAAAAATgtgagga.. 744
4 198 ..catacagGCAGTAC.. ..GTCTCAGgtaccat.. 228
5 102 ..ctctcagTCCCAGG.. ..CCTAAAGgtaggct.. 345
6 126 ..tttccagGGTGCCT.. ..TGTAGAGgtagtta.. 515
7 61 ..attgcagTATGGTA.. ..TTCCTCAgtaagtc.. 128
8 77 ..ctttcagTTGGACC.. ..CTGGGTGgtgagat.. 303
9 98 ..tgtgaagGATCTGG.. ..TCGTCAGgtaaagt.. 161
10 97 ..tatatagGTTTTTG.. ..CATGCAGgtaacat.. 1011
11 80 ..gtcttagTTGAGTG.. ..AACACCAgtaagtg.. 383
12 126 ..ctcccagTCTGTTT.. ..TTGTCAGgtaagtg.. 216
13 509c ..tctccagGTCACTG..
aExon is a 5′-untranslated region (5′-UTR)
bExon includes a 5′-UTR of 259 bp.
cExon includes a 3′-UTR of 457 bp.



identical with that encoded by the ∆5 desaturase cDNA. In
contrast, in humans and C. elegans, the two functional ∆6 and
∆5 desaturases share an amino acid identity of only 62 (20)
and 45% (19), respectively. Whether or not distinct ∆6 and
∆5 desaturase genes evolved from a common ancestral desat-
urase progenitor, these data suggest that the process occurred
or began more recently in the evolution of Atlantic salmon
than in the evolution of humans and C. elegans. In this regard,
it is pertinent to note that the Atlantic salmon is partially
tetraploid, with the tetraploidization event thought to have oc-
curred 25–100 million years ago (34). However, evolution of
desaturases in Atlantic salmon and in fish in general remains
a subject for speculation. Study of further FA desaturase
genes of fish are indicated, and certainly other desaturases are
likely to be identified in fish species such as carp and trout,
which have the ability to produce DHA from 18:3n-3 (35).
But in marine species such as sea bream and turbot, the search
for ∆5 desaturases will be particularly intriguing as these
species lack the ability to produce EPA and DHA from 18:3n-3.
This is attributed to deficiencies in ∆5 desaturation in sea
bream, but to C18–20 elongation in turbot (36,37).

The salmon ∆6 desaturase showed no ∆4 desaturase activ-
ity, perhaps as expected based on the functional characteriza-
tion of all fish and mammalian ∆6 and ∆5 desaturases re-
ported to date (22,25,26,38). This is consistent with the hy-
pothesis that the synthesis of DHA from EPA in both
mammals and fish proceeds via elongation to 24:5n-3 fol-
lowed by a ∆6 desaturation rather than via ∆4 desaturation of
22:5n-3 (35,39). Heterologous expression studies of human
and rat ∆6 desaturases showed that the same enzymes are ac-
tive on C18 and C24 FA (33,40) and that the bifunctional ze-
brafish desaturase was also capable of desaturating C24 FA
(41). It will be interesting to determine the activities of all an-

imal ∆6 desaturases toward C24 FA substrates. In contrast to
higher animals, production of DHA via a pathway including
∆4 desaturation appears to operate in some lower organisms
such as Thraustochytrium sp. (42), and the algae Euglena
gracilis (43) and Pavlova lutheri (44). 

Genomic characterization showed that the salmon ∆6 de-
saturase comprised 13 exons, which is one more than that re-
ported for the human ∆6 desaturase (45). The additional exon
in the salmon gene is a small 25 bp exon at the extreme 5′ end.
The remaining exons are homologous to the 12 exons in the
human ∆6 desaturase, except that exon 2 of the salmon gene
is 30 bp longer than exon 1 in the human gene, corresponding
to the additional 10 amino acids found in most salmonid de-
saturases. However, the remaining exons are exactly the same
size as their equivalents in the human gene, and splice and ac-
ceptor sites are interrupted at similar nucleotide positions,
even though the lengths of the introns are quite different. In
humans, there is evidence that the desaturase gene cluster has
arisen by gene duplication. This is on the basis that the exon
organization is nearly identical in the three family members,
with each gene consisting of 12 exons and splice and accep-
tor sites interrupted at identical nucleotide positions within
highly conserved codons (45). Further work on the genomic
organization of fish desaturases may help to clarify the sig-
nificance of the additional exon in salmon and the possible
evolutionary history of desaturases, as sequence alignments
alone are not conclusive (46).

The phylogenetic sequence analyses grouped the fish de-
saturases largely as expected based on classical phylogeny
with the carp and zebrafish (Ostariophysi; cyprinids), trout
and salmon (Salmoniformes; salmonidae), and tilapia, sea
bream, and turbot (Acanthopterygia; cichlids, perciformes,
and pleuronectiformes) appearing in three distinct clusters
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FIG. 5. Tissue distribution of FA ∆6 and ∆5 desaturase and elongase genes in Atlantic salmon. Transcript (mRNA)
copy number was determined by quantitative real-time  PCR (qrtPCR) as described in the Materials and Methods
section. Results are expressed as the copy numbers in 250 ng of total RNA and are means ± SEM (n = 4). L, liver; H,
heart; G, gill; WM, white muscle; RM, red muscle; I, intestine; B, brain; A, adipose; S, spleen; K, kidney.

1,000,000



(47). However, the cloning of Atlantic salmon ∆6 desaturase
revealed that both ∆6 and ∆5 desaturases in salmonids con-
tain additional amino acids by comparison with those of other
species, having chain lengths of 454 amino acids (or 452 as

in cherry salmon Des2) compared with 444 for the cyprinid
(carp and zebrafish) and human desaturases (16,20,22,23,26).
Furthermore, it has been reported that the desaturase cDNAs
encode proteins of 445 amino acids in seabream (24) and turbot
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FIG. 6. Effect of dietary vegetable oil (VO) on the expression of FA ∆6 and ∆5 desaturase and
elongase genes in tissues from Atlantic salmon. Transcript (mRNA) copy number was deter-
mined by qrtPCR as described in the Materials and Methods section. The ratios of copy num-
bers between the target genes and β-actin were calculated as means ± SEM (n = 4). Results are
expressed as the fold differences by comparison of mean values in fish fed the vegetable oil
diet compared with those in fish fed the fish oil (FO) diet (FO = 1). For other abbreviations see
Figure 5. *Mean values for fish fed VO are significantly different (P < 0.05) from those for fish
fed FO as determined by the Student t-test.



(25), one more residue than in cyprinid and human desat-
urases. These data support our previous observation that dif-
ferences in polypeptide length are not in these cases related
to function (25). 

qrtPCR revealed that the expression of fatty acyl desat-
urase genes was highest in intestine, liver, and brain and
lower in heart, gill, white and red muscle, kidney, spleen, and
adipose tissue. Previously, by using RT-PCR, it was shown
that ∆6 desaturase of rainbow trout and sea bream was ex-
pressed in intestinal tissue (23,24). In the present study,
salmon intestinal tissue had levels of ∆6 and ∆5 expression 3-
and 1.5-fold greater than liver. Similarly, expression of ∆6
and ∆5 in intestine was 7.2- and 1.9-fold greater than in brain.
Therefore, these results suggest that intestine, the first organ
to encounter dietary FA, has the capacity to play an important
role in the primary processing of dietary FA via desaturation.
Cho et al. (20) reported that human liver expressed 4–5 times
more ∆5 desaturase and 12 times more ∆6 desaturase than
brain. Our results show that salmon liver contained 2.4 times
more ∆6 desaturase mRNA than brain, and the ∆5 desaturase
mRNA levels in liver and brain were similar. Regardless of
which gene has the higher level of mRNA, the observation
that all tissues investigated express detectable levels of ∆6
and ∆5 desaturase and elongase mRNAs is consistent with the
important roles that desaturase and elongase enzymes play in
maintaining cellular membrane HUFA. That intestine ex-
pressed such high levels of both ∆6 and ∆5 desaturase is con-
sistent with data from in vitro enzyme assays in isolated ente-
rocytes (48,49) and in vivo stable isotope studies (50,51),
which have shown enterocytes and intestine to be sites of sig-
nificant HUFA synthesis in salmonids. The level of ∆6 desat-
urase mRNA in highly expressing tissues was substantially
greater than the amount of ∆5 desaturase mRNA, but the level
of ∆6 desaturase mRNA in lower-expressing tissues was
lower than the amount of ∆5 desaturase mRNA. In compari-
son, a study of the relative abundance of ∆6 and ∆5 desaturase
mRNA in various human tissues revealed that the level of ∆6
desaturase mRNA in eight different tissues was significantly
greater than the amount of ∆5 desaturase mRNA (20). This
observation is particularly interesting because ∆6 is often
considered the enzyme that catalyzes the rate-limiting step in
the synthesis of HUFA (52).

The results of this study show that the expression of ∆6
and ∆5 FA desaturases is under nutritional regulation in At-
lantic salmon. Thus, the expression of these genes is higher
in liver and red muscle (and possibly intestine and adipose
tissue) of salmon fed diets containing C18 PUFA-rich VO
compared with fish fed diets containing HUFA-rich fish oil.
Although ∆6 desaturase is regarded as the main rate-limiting
step in the HUFA biosynthesis pathway, ∆5 desaturase is re-
ported also to be under nutritional regulation in mammals
(53). In a previous study, the expression and activity of fatty
acyl elongase appeared to be nutritionally regulated in At-
lantic salmon (54). That study showed that dietary linseed oil
increased the expression of both ∆5 FA desaturase and elon-
gase genes in salmon liver (54). Similar effects of dietary lin-

seed oil had been reported previously, with the liver transcript
level of ∆6 desaturase being higher in trout fed linseed oil
than in trout fed FO (23). However, the present study showed
that the expression and activity of the elongase decreased in
most tissues of salmon fed diets containing the VO blend
compared with fish fed diets containing FO. The precise rea-
son for the different responses in elongase gene expression is
unclear but may be related to differences in the FA profiles of
the linseed oil and VO-blend diets. In the present trial, the
total n-3 HUFA level in the diet in which the VO blend re-
placed 75% of the FO was over 8%, which compares well
with 9% HUFA in the diet in the previous trial in which 25%
of the FO was replaced by linseed oil, a level of replacement
that did not increase elongase activity (54). Elongase activity
was increased only by diets in which 50–100% of FO was re-
placed with linseed oil, resulting in much lower levels of n-3
HUFA (54). 

In conclusion, the study reported here has identified and
characterized a ∆6 desaturase gene in Atlantic salmon. It had
measurable, but very low, levels of ∆5 desaturase activity.
The salmon ∆6 desaturase gene comprises 13 exons, one
more than the human ∆6 and ∆5 desaturases. Genes for ∆6
and ∆5 desaturases and elongases were expressed in various
tissues of salmon, and highly expressed in liver, intestine, and
brain. Both ∆6 and ∆5 desaturase gene expression in intes-
tine, liver, red muscle, and adipose tissue were significantly
increased in salmon fed VO compared with fish fed FO.
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ABSTRACT: The oil-producing fungus Mortierella alpina 1S-4
is an industrial strain for arachidonic acid (AA) production. To
determine its physiological properties and to clarify the biosyn-
thetic pathways for PUFA, heterologous and homologous gene
expression systems were established in this fungus. The first trial
was performed with an enhanced green fluorescent protein gene
to assess the transformation efficiency for heterologous gene ex-
pression. As a result, strong fluorescence was observed in the
spores of the obtained transformant, suggesting that the foreign
gene was inherited by the spores. The next trial was performed
with a homologous PUFA elongase (GLELOp) gene, this enzyme
having been reported to catalyze the elongation of GLA (18:3n-6)
to dihomo-γ-linolenic acid (20:3n-6), and to be the rate-limiting
step of AA production. The FA composition of the transformant
was different from that of the host strain: The GLA content was
decreased whereas that of AA was increased. These data support
the hypothesis that the GLELOp enzyme plays an important role
in PUFA synthesis, and may indicate how to control PUFA
biosynthesis.  

Paper no. L9634 in Lipids 40, 25–30 (January 2005).

PUFA can serve as precursors of the eicosanoids of signaling
molecules including prostaglandins, thromboxanes, and leu-
kotrienes, and they also play important roles as structural
components of membrane phospholipids (1,2). The principal
PUFA that act as precursors for eicosanoid synthesis are di-
homo-γ-linolenic acid (DGLA, 20:3n-6), arachidonic acid
(AA, 20:4n-6), and EPA (20:5n-3). All mammals synthesize
eicosanoids, which are involved in regulating inflammatory re-
sponses, reproductive function, immune responses, and blood
pressure (3). Therefore, studies on PUFA biosynthesis are im-
portant in both the medical and pharmaceutical fields.  

We found the filamentous fungus, Mortierella alpina 1S-4,
to be a producer of PUFA-containing lipids (4). This species is
unique in its capacity to produce C20 PUFA, such as DGLA,
AA, and EPA. We have studied FA metabolism in this strain
and succeeded in using it for the industrial production of AA

(5). Therefore, this fungus is a good model for analyzing a FA
desaturation and/or elongation system from both fundamental
and applied standpoints. A number of mutants derived from
this fungus that show alterations in the FA synthetic pathways
have been determined through analyses of the FA composition
or accumulation.  

Wynn and Ratledge (6) determined that the rate-limiting
step for AA production is at the level of the elongation of GLA
(18:3n-6) to DGLA (6). They also predicted that enhancement
of the elongase activity would lead to an increase in AA pro-
duction (6). In plants and mammals, it is believed that micro-
somal FA elongation is a four-step process comprising one con-
densation step, two reduction steps, and one dehydration step
(7). Biochemical studies have provided indirect evidence that
the reaction catalyzed by the condensing enzyme of the elon-
gation system is rate-limiting (7–9). This enzyme regulates the
substrate specificity in terms of the chain length and the degree
of unsaturation of FA. Recently, the elongase responsible for
the conversion of GLA to DGLA, designated as GLELO, was
identified through expression studies on a M. alpina expression
sequence tag library in yeast (10,11).  

We have established a transformation system for this fungus
(12) and have applied it to the study of PUFA production, es-
pecially AA. In this study, we succeeded in increasing AA pro-
duction by M. alpina through metabolic engineering, namely,
construction of a M. alpina strain over-expressing the GLELO
gene: (i) As a first step, the enhanced green fluorescent protein
(EGFP) gene was expressed in M. alpina 1S-4 to assess expres-
sion of two genes (ura5 and EGFP), and (ii) GLELO cDNA
was cloned and isolated from the strain, and then over-expressed
in the same strain, hereby leading to increased AA production.
This is the first report of the significant importance of the FA
composition in an AA industrial strain, M. alpina 1S-4.  

EXPERIMENTAL PROCEDURES

Enzymes and chemicals. Restriction enzymes and other DNA-
modifying enzymes were obtained from Takara Bio Inc. (Shiga,
Japan) and New England BioLabs (Beverly, MA). All other
chemicals were of the highest purity commercially available.

Strains, media, and growth conditions. Mortierella alpina
1S-4 ura5– (13) was maintained on Potato Dextrose Agar
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medium (Difco, Detroit, MI) containing 5-fluoroorotic acid
(0.5 mg/mL) and uracil (0.05 mg/mL). GY medium containing
glucose and yeast extract was used for FA composition analy-
ses. The composition of the GY medium depended on the kind
of assay (see below). The compositions of the Czapek–Dox and
SC media were given in a previous paper (13). For sporulation
of the ura5– strain, uracil was added to the Czapek–Dox
medium at 0.05 mg/mL. SC medium was used as the uracil-
free synthetic medium for cultivation of the ura5– strains and
the transformants. This synthetic medium was also used to
maintain the transformants. Fungal strains were cultivated at
28°C with reciprocal shaking (120 strokes/min). 

Preparation of genomic DNA and construction of a cDNA
library. Preparation of genomic DNA of the M. alpina strain
was performed according to the method described previously
(14). Purification of mRNA and cDNA synthesis were also per-
formed according to the methods described previously (15,16).  

Isolation of GLELO cDNA of M. alpina 1S-4 and its expres-
sion in Aspergillus oryzae. Two primers were synthesized for
amplification of the M. alpina 1S-4 GLELO cDNA by PCR with
the following primers, designed on the basis of the nucleotide
sequence of GLELOp of M. alpina ATCC 32221 (10): a sense
primer, 5′-ATGGAGTCGATTGCGCAATTCCT-3′, and an anti-
sense primer, 5′-TTACTGCAACTTCCTTGCCTTCTCCTT-3′.
These primers were used in a Biometra T Gradient thermal
cycler (Biometra GmbH, Göttingen, Germany) with a program
of 1 min at 94°C, 1 min at 52.5°C, and 2 min at 72°C, for 35 cy-
cles, followed by extension for 10 min at 72°C. The amplified
1.0-kb PCR product was cloned into the pT7Blue T-Vector (No-
vagen, Madison, WI) to construct pT7-GLELO, and then used
to transform Escherichia coli DH5α. This clone was determined
to encode a protein similar to GLELOp of M. alpina ATCC
32221 by DNA sequencing, as described below. Transformation
of A. oryzae was performed by the method described by Gomi et
al. (17) and Iimura et al. (18). A shuttle vector, pNGA142 (19),
with the GLELO cDNA insert was used as the transformation
vector for A. oryzae. Stable transformants were isolated by re-
peated sporulation on Czapek–Dox medium plates.  

Construction of transformation vectors for the M. alpina 1S-4
ura5− strain. Transformation vector pD4 (20), which was devel-
oped for the transformation of M. alpina, was kindly supplied by
Prof. David B. Archer (University of Nottingham, United King-
dom). pD4 originally contained an expression unit composed of
the histone H4.1 promoter, the modified hpt gene, and the N-(5′-
phosphoribosyl)anthranilate isomerase (trpC) transcription ter-
minator. The region from the promoter to the terminator was am-
plified using a forward primer, HisProFX (5′-TACGAATTCA-
AGCGAAAGAGAGATTATGAA-3′), and a reverse primer,
TrpCRX (5′-GAAGAATTCCCTCTAAACAAGTGTACCTGT-
3′), with pD4 as a template. The two primers contained an EcoRI
restriction site (underlined). A modified pBluescript® II SK+
(Stratagene, La Jolla, CA) was prepared by deletion of its BamHI
site for convenient manipulation in further experiments. The ap-
proximately 2.7-kb PCR product was digested with EcoRI, fol-
lowed by ligation into the modified pBluescript® II SK+ digested
with EcoRI, and designated as pBlues-hpt.  

Transformation vectors pDura5GFP and pDura5GLELO
were constructed by modification of pDura5 developed as a
transformation vector of the M. alpina 1S-4 ura5– strain (12).
pDura5GFP is a vector for the expression system of the
enhanced green fluorescent protein (EGFP) gene. An EGFP
gene was amplified using a forward primer, GFPforward (5′-
TCGCCACCATGGTGAGCAAG-3′), and a reverse primer,
GFPreverse (5′-CGCGGATCCTTTACTTGTA-3′), designed
on the basis of the sequence of the EGFP gene on the pEGFP
vector (Clontech Laboratories Inc., Palo Alto, CA) at an an-
nealing temperature of 58°C with the pEGFP vector as a tem-
plate. The GFPforward and GFP reverse primers contained
NcoI and BamHI restriction sites, respectively (underlined).
The approximately 700-bp fragment digested with NcoI and
BamHI was ligated to pBlues-hpt digested with the same en-
zymes to remove the pre-existing hpt gene, resulting in the con-
struction of a vector designated as pBlues-GFP. The EGFP
gene expression unit obtained from pBlues-GFP on digestion
with EcoRI was ligated to the EcoRI site of pDura5, resulting
in the construction of pDura5GFP (Fig. 1).

26 S. TAKENO ET AL.

Lipids, Vol. 40, no. 1 (2005)

FIG. 1. Two transformation vectors for Mortierella alpina 1S-4 ura5–

mutant. The details of each gene and the method for constructing these
vectors are given in the Experimental Procedures section. Restriction
sites: E, EcoRI; N, NcoI; B, BamHI; X, XbaI; H, HindIII; S, SspI.

EGFP



pDura5GLELO is a vector for expression of the GLELO
gene. Mortierella alpina 1S-4 GLELO cDNA was amplified
using a forward primer, GLELOF (5′-CACCATGGAGTC-
GATTGCGC-3′), and a reverse primer, GLELOR (5′-GT-
GGATCCTTACTGCAACTTCCTTGCCTT-3′), at an annealing
temperature of 54°C with the 1S-4 cDNA library as a template.
The GLELOF and GLELOR primers contained NcoI and
BamHI sites, respectively (underlined). The approximately 1.0-
kb PCR product was ligated to the pT7Blue T-Vector to con-
struct pT7-GLELO. By following the same strategy as for the
construction of pDura5GFP, pDura5GLELO was constructed
(Fig. 1).  

Transformation of the M. alpina 1S-4 ura5– strain. Trans-
formation of the M. alpina 1S-4 ura5– strain with pDura5GFP
or pDura5GLELO was performed with a PDS-1000/He Parti-
cle Delivery System (Bio-Rad Laboratories Inc., Hercules, CA)
as described previously (12).  

Isolation of stable transformants and checking of transfor-
mation by PCR were performed by the methods described pre-
viously (12).  

FA analyses. The A. oryzae recombinant transformed with
the M. alpina 1S-4 GLELOp cDNA was inoculated into a test
tube containing 5 mL GY medium containing 2% glucose and
1% yeast extract, and then cultivated at 28°C with reciprocal
shaking (120 strokes/min) for 3–4 d. The spores or mycelia of
M. alpina 1S-4 recombinants transformed with pDura5GLELO
and the host cells were inoculated into 20-mL Erlenmeyer
flasks containing 4 mL of GY medium containing 2 or 5% glu-
cose, 1% yeast extract, and 0.05 mg/mL of uracil. The culture
was performed at 28°C with reciprocal shaking (120
strokes/min) for the desired period. FA analysis was performed
basically as described in the previous paper (21).  

Nucleotide sequence accession numbers. The nucleotide se-
quences of the GLELO genomic gene cloned from M. alpina
1S-4 have been assigned DDBJ accession no. AB193123.

RESULTS AND DISCUSSION

Transformation of the M. alpina 1S-4 ura5– strain with
pDura5GFP. The first trial involved expression of the EGFP
gene in the M. alpina 1S-4 ura5– strain using a homologous
ura5 gene-containing vector. This would directly demonstrate
that a two-gene expression system is feasible, and that heterol-
ogous gene expression in M. alpina, which will lead to further
applications, has been achieved. The EGFP gene was placed
under the control of the same promoter and terminator as pre-
viously used for expression of the homologous ura5 gene
(12). On the basis of this idea, an EGFP-expression vector,
pDura5GFP, was constructed and used for transformation of
the ura5– strain. Transformation was successfully performed,
and six stable transformants were selected from the 45 isolated.
All the stable ones were determined to be transformed through
vector insertion into the rDNA locus (data not shown). When
both host cells (ura5– strain) and ones of the transformants
were cultivated in various media and observed under a fluores-
cence microscope, strong fluorescence was detected, mainly in

the outer part of the cells. To remove this fluorescence, proto-
plasts were prepared, but the resulting cells still had a strong
fluorescence. Although these transformants seemed to show
strong fluorescence in their cytoplasm, the observation could
not be thought to be sufficient evidence that the EGFP gene
was truly expressed.  

How the self-fluorescence of this fungus is produced re-
mains unclear, as it was impossible to detect the fluorescence
from the EGFP protein precisely in the mycelial cells. On the
other hand, when spores were observed under the fluorescence
microscope, a strong fluorescence was detected only in those
of the transformants (data not shown). This finding implies that
the foreign gene could be inherited by both the daughter cells
and spores and indicates that the EGFP and ura5 genes were
both successfully expressed in this fungus. Hence, we expected
that the same strategies could be used for expression of genes
involved in PUFA syntheses, leading to elucidation of FA me-
tabolism and improvement of PUFA production.  

Isolation and heterologous expression of the GLELO gene of
M. alpina 1S-4. The gene encoding GLELOp, which catalyzes
elongation of GLA to DGLA, has previously been cloned from
M. alpina ATCC 32221 and characterized (10). To perform ho-
mologous expression of the GLELO gene, the GLELO cDNA
of M. alpina 1S-4 was isolated. As a result, a fragment contain-
ing an open reading frame with a length of 957 bp, starting with
an ATG codon and ending with a TAA codon, was isolated. The
gene was suggested to encode a protein consisting of 318 amino
acids with a M.W. of 37,000 (data not shown). A computer-aided
homology search of the amino acid sequences of other proteins
in a database revealed that the deduced amino acid sequence of
the resultant gene exhibits 95.9% identity with that of the
GLELOp of M. alpina ATCC 32221, and 33.5 and 32.5% iden-
tity with those of elongation of very long chain FA protein 2
(ELO2) of mouse and human, respectively (22,23). The amino
acid sequence of GLELOp showed several regions of identity,
including a common histidine box motif, with ELO2. A
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TABLE 1 
FA Compositions of Aspergillus Transformant MG-5a

mol% of FA in the total FA of the cellsb

Control strain MG-5 

FA Control strain (+ GLA)c MG-5 (+ GLA)

16:0 17.4 9.9 14.0 11.8
18:0 5.8 2.7 5.2 4.1
18:1n-9 14.8 5.5 11.7 7.6
18:2n-6 56.8 30.0 63.8 43.4
GLA —d 50.6 — 17.5
18:3n-3 5.1 1.4 1.4 1.5
20:2n-6 — — 4.0 2.9
DGLA — — — 11.2
aA. oryzae MG-5 strain, which was transformed with Mortierella alpina 1S-4
GLELO cDNA, and the control strain without the GLELO gene were grown
at 28°C for 3–4 d in 5 mL of GY medium with reciprocal shaking (120
strokes/min).  
bThese values are the means of triplicate experiments.
c0.2% GLA methyl ester was added to the culture broth.  
d—, not detected; DGLA, dihomo-γ-linolenic acid.



hydropathy plot (Kyte and Doolittle) of GLELOp indicated that
this protein is hydrophobic in nature and contains several pre-
sumptive transmembrane domains (data not shown). Further-
more, functional analyses were also performed on gene expres-
sion in A. oryzae (Table 1). The Mortierella alpina 1S-4 GLELO
cDNA was ligated to fungal expression vector pNGA142. In the
resultant plasmid, designated as pGEGA10, expression of the
cloned GLELOp gene was controlled by a glucoamylase pro-
moter of A. oryzae. The FA composition of the selected A. oryzae
transformant, MG-5, was different from that of the control strain
without the GLELO gene: The new peak in the chromatogram
of FAME from the transformant cultured in GY medium for 4 d
exhibited a retention time identical to the FAME standard of
20:2n-6, which is produced through an elongase reaction on en-
dogenous 18:2n-6. In the presence of exogenous GLA, a new
peak of DGLA was observed only for the transformant, indicat-
ing conversion of GLA to DGLA at the rate of 39%, whereas the
rate of conversion of endogenous 18:2n-6 to 20:2n-6 was 5.9%,
and 18:1n-9 and 18:3n-3 were not converted to the correspond-
ing 20-carbon PUFA at all. Another experiment indicated that
exogenous 18:1n-12 was converted to 20:1n-12 with a conver-
sion rate of 2.1% (data not shown). The GLELOp of M. alpina
ATCC 32221 showed the same characteristics as that of M.
alpina 1S-4 (10,11). Thus, the cDNA was determined to be the
gene encoding GLELOp throughout this analysis.  

It is generally believed that the elongation activity involves
four distinct subunit enzymes: a condensing enzyme, two reduc-
tases, and a dehydrase. It is unlikely that one protein exhibits all
four activities (11). Therefore, the elongase activity of GLELOp
in the Aspergillus transformants is likely to arise from interac-
tion with other endogenous components of Aspergillus elongase.

Transformation of M. alpina 1S-4 with pDura5GLELO. A
transformation vector, pDura5GLELO (Fig. 1), was constructed

and used for transformation of the ura5– strain to over-express
the GLELO gene. Out of the 36 transformants obtained, 9 were
determined to be stable transformants with pDura5GLELO
(data not shown). To investigate their properties, two transfor-
mants (#3 and #8) were cultivated in GY medium, containing
5% glucose, 1% yeast extract, and 0.05 mg/mL of uracil, for 4
or 10 d to investigate their FA compositions (Table 2). It was
verified that complementation of ura5 genes does not influence
the FA composition of the host cells (data not shown). Trans-
formant #8 showed the same FA composition as that of the host
cells, regardless of the cultivation period. On the other hand,
transformant #3 exhibited a different FA composition from that
of the host cells: GLA, which serves as a substrate for
GLELOp, was decreased and AA was increased. For further
investigation, time course experiments were performed with
transformant #3 and the host cells (Fig. 2). The accumulation
of AA continued after 4 d in both strains, regardless of the cul-
ture conditions. With 5% glucose in the medium, AA content
remained low in comparison with that with 2% glucose. Al-
though this observation was in accordance with results previ-
ously reported, the AA productivity (mg/mL of culture broth)
was proportional to the glucose concentration (data not shown)
(4). In the case of 2% glucose (Figs. 2A and B), the AA con-
tent increased linearly after 4 d in the transformant but not in
the host cells. Our previous report also stated that significant
AA accumulation was observed in the stationary phase (5,24),
and this phase is thought to correspond to the period after 4 d
in the present experiment.  

The final content of AA in the transformant was higher than
that in the host cells. Hence, over-expression of the GLELO
gene clearly occurred in this lipogenic phase rather than in the
growth phases. With 5% glucose (Figs. 2C and 2D), differences
in the FA profile appeared clearly: The AA content of transfor-
mant #3 increased more than that of the host cells after 5 d. The
GLA content of the transformant cells remained lower than that
of the host cells, especially after 4 d. The DGLA content in-
creased at the beginning of cultivation and then decreased con-
comitantly with the increase in the AA content. The AA con-
tent of transformant #3 was 1.4-fold higher than that of the host
cells at the end point. The significance of this increase can be
appreciated from our previous efforts to enhance the produc-
tivity, which did not achieve such significant change. This
major increase must therefore have resulted from the enzyme
playing an important role in AA biosynthesis. In addition, the
analysis of real-time quantitative PCR showed that the quan-
tity of GLELO RNA in transformant #3 was 7.4-fold higher
than that of the host strain on 4 d (data not shown). Therefore,
the results obtained for stable transformant #3 must be directly
due to GLELO gene expression.  

In conclusion, GLELOp catalyzes the conversion of GLA to
DGLA and serves as the rate-limiting step in AA production. As
predicted by Wynn and Ratledge (6), AA productivity can be in-
creased through enhancement of the enzyme activity. This is the
first report that genetic manipulation led to an increase in AA
production by an industrial oleaginous strain, M. alpina 1S-4.  
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TABLE 2
Comparison of FA Compositions of M. alpina 1S-4 Transformantsa

Incubation mol% of FA in the total FA of the cellsb

period (d) FA Host cell Transformant #3 Transfomant #8

4 16:0 18.5 16.8 19.7
18:0 5.7 5.4 7.0
18:1n-9 28.2 27.8 27.3
18:2n-6 9.9 10.2 9.0
GLA 7.7 9.2 6.7
DGLA 5.8 6.4 6.7
AA 19.8 20.9 20.5

10 16:0 19.7 19.9 20.0
18:0 6.4 7.12 6.5
18:1n-9 30.6 24.9 32.1
18:2n-6 8.7 8.5 8.4
GLA 5.6 3.8 5.6
DGLA 5.9 6.2 4.5
AA 18.1 25.6 19.1

aTwo M. alpina 1S-4 recombinants transformed with pDura5GLELO, #3 and
#8, and host cells were grown at 28°C for 4 or 10 d in 4 mL of GY medium
containing uracil under reciprocal shaking (120 strokes/min).  
bThese values are the means of triplicate experiments. AA, arachidonic acid;
for other abbreviations see Table 1. 
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ABSTRACT: Hepatic neutral cytosolic cholesteryl ester hydrolase
(hncCEH) is a key enzyme in the regulation of hepatic free choles-
terol (FC). In examining the effects of over-expression of this en-
zyme on cholesterol homeostasis, mice were infected with a re-
combinant adenovirus construct (AdCEH) of the rat hncCEH cDNA
driven by the human cytomegalovirus promoter. Cholesteryl es-
terase and p-nitrophenylcaprylate (PNPC) esterase activities were
measured in liver postmitochondrial supernatants at 1, 3, 7, and 11
d after infection with AdCEH or a control virus expressing β-galac-
tosidase (AdβGAL). The PNPC esterase activity of AdCEH mice
peaked threefold higher than controls on day 2, declining on sub-
sequent days. In contrast, cholesteryl esterase peaked eightfold
higher than controls on day 3, indicating a shift in substrate selec-
tivity of hncCEH. Hepatic FC peaked at 144% of controls, 7 d
postinfection. The mRNAs for cholesterol 7α-hydroxylase, sterol
27-hydroxylase, and HMG-CoA reductase decreased to 47, 46,
and 58% of controls, respectively, on day 7, coinciding with peak
FC concentrations. Coinciding with increased cholesteryl esterase
activity, hepatic esterified cholesterol dropped precipitously from
day 3 onward, to 11% of controls by day 11. Hepatic TAG levels
also declined, consistent with the reported TAG lipase activity of
hncCEH. These results demonstrate elevation of FC and depletion
of cholesteryl esters by over-expression of hncCEH, which were re-
sistant to compensatory responses by other enzymes of cholesterol
homeostasis.

Paper no. L9627 in Lipids 40, 31–38 (January 2005).

Free cholesterol (FC) is an essential component of membranes
and an important determinant of their physicochemical proper-
ties. FC is also the precursor to bile acids, steroid hormones,
and oxysterols that regulate pathways of lipid metabolism, in-
cluding cholesterol biosynthesis (1–3). Indicative of the meta-
bolic and regulatory significance of these roles, intracellular
FC levels are maintained within relatively narrow ranges over
a broad range of dietary intakes and metabolic states (4–7).
Among the homeostatic processes contributing to this stability

is the cycle of esterification with long-chain FA and hydrolysis
of the resulting cholesteryl esters (CE) to regenerate metaboli-
cally active FC. The hydrolytic component of this CE cycle is
catalyzed by the hepatic neutral cytosolic CE hydrolase (hnc-
CEH), which has been cloned and characterized in this labora-
tory (8–11). The hncCEH is a broad-specificity carboxylesterase
that hydrolyzes TAG (12) and water-soluble esters of p-nitro-
phenol, as well as CE (8,9,12). Similar to other enzymes in cho-
lesterol metabolism, the hncCEH promoter has active sterol re-
sponsive elements that regulate hncCEH expression (10,13,14).
Moreover, hncCEH mRNA, protein, and enzymatic activity are
altered in response to perturbations of sterol flux, consistent
with the hypothesis that hncCEH plays a significant role in cho-
lesterol homeostasis (8,10,15).

Cholesterol homeostasis is maintained in the liver by regu-
lation of the various input and output pathways for metabolism
and transport. In addition to hncCEH, these include (i) ACAT,
which catalyzes the esterification component of the CE cycle;
(ii) HMG-CoA reductase (HMGCoAR), the rate-determining
enzyme in the de novo synthesis of cholesterol; (iii) cholesterol
7α-hydroxylase (CYP7A1), and sterol 27-hydroxylase
(CYP27), which catalyze the initial steps in the classic and al-
ternative pathways, respectively, for bile acid synthesis; and
(iv) lipoprotein synthesis, uptake, and degradation (16,17). The
response of each of these to perturbations in the metabolically
active cholesterol pools is the means by which the liver main-
tains cholesterol homeostasis.

Although a number of studies have examined the effects of
perturbations of cholesterol homeostasis on hncCEH, the cur-
rent studies were designed to determine the effects of over-ex-
pression of hncCEH on hepatic sterol metabolism and other
key enzymes of cholesterol homeostasis. To this end, an adeno-
viral vector was constructed with a cytomegalovirus promoter
to constitutively express hncCEH. We describe the validation
of this construct in cell culture and mice and the effects of over-
expression of hncCEH on hepatic lipid levels and mRNAs of
several enzymes known to exhibit compensatory responses to
altered sterol flux through the liver.

MATERIALS AND METHODS

Chemicals and supplies. Radionuclides were purchased from
New England Nuclear (Boston, MA); p-nitrophenylcaprylate
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(PNPC) from Sigma Laboratories (St. Louis, MO); CsCl, tis-
sue culture ware, and solvents from Fisher Scientific (Colum-
bia, MD); and C57BL/6 mice from the National Cancer Insti-
tute (National Institutes of Health, Bethesda, MD). Mice were
fed Teklad (Harlan, Indianapolis, IN) rodent diet ad libitum and
then fasted for 12 h prior to sacrifice. Mice were maintained on
an alternating 12-h light/12-h dark schedule. A single 100-µL
injection of virus was administered via tail vein. Serum levels
of liver enzymes, aspartate aminotransferase and alanine
aminotransferase, were measured in animals infected with
virus. Since these enzymes were elevated in some mice from
each group, regardless of dose, construct, or level of expres-
sion (data not shown), weight was used as a discriminator.
Mice losing >2% in body weight postinjection were excluded
from these studies. 

Construction of the transfer vector, viral purification, and
plaque assay. The cDNA for hncCEH (9) was cut from pCR3-
CEH using XhoI. The transfer vector, pSCT1, was digested
with SalI, and hncCEH cDNA was ligated into the transfer vec-
tor through the complementary XhoI/SalI sites. Insertion of
hncCEH cDNA was verified by restriction digestion and se-
quencing. Homologous recombination was performed by the
Massey Cancer Center Adenoviral Core Facility to produce in-
fectious particles. Several viral lines were selected for DNA
isolation and sequencing. Because the poly-A signal of hnc-
CEH was provided by the vector, the hncCEH mRNA was ex-
tended by approximately 200 bases during transcription from
the viral genome. The elongated message allowed the hncCEH
transcript to be distinguished from endogenous mRNAs for ho-
mologous mouse esterase in Northern blots using the full-
length cDNA as a probe.

Virus was purified essentially as described by Gerard and
Meidell (18). Fifty 180 cm2 dishes were seeded with 293 cells
at a density of 10%. Medium was changed every 48 h until cells
were confluent. Confluent 293 cells were infected at MOI (mul-
tiplicity of infection) 200 for 24 h. The medium was then aspi-
rated and replenished. Sixty hours after infection, floating cells
were collected, pelleted, and immediately lysed by six
freeze/thaw cycles (–80°C ethanol bath followed by 18°C
water bath). Cellular debris was removed by centrifugation and
the cleared viral lysate was layered over a discontinuous CsCl
gradient (1.24–1.40 g/mL) in six Beckman Ultra-Clear tubes
(14 × 89 mm). The tubes were centrifuged in an SW40 rotor at
155,000 × g for 2 h. The viral band was collected and layered
onto a 1.33 g/mL continuous CsCl cushion in two Ultra-Clear
tubes. The tubes were centrifuged in an SW40 rotor at 155,000
× g for 18 h. Occasionally, the virus would aggregate and, al-
though the viral band was thick, these preparations were found
to have very low titers. Preparations that aggregated were dis-
carded. The viral band was collected and dialyzed in a Pierce di-
alyzer cassette with a 10,000-MW cutoff against 4 L of dialysis
buffer [10 mM Tris, 1 mM MgCl2, pH 7.4, and 10% (vol/vol)
glycerol] at 4°C for 24 h. The solution was aliquotted into cryo-
genic vials, snap-frozen in liquid N2 vapor, and stored at –80°C.

Plaque assays were performed on a small aliquot from the
pure virus that was frozen separately. Confluent 293 cells in 25

cm2 flasks were infected with aliquots of virus in serial dilu-
tions and incubated overnight. Medium was removed and 4 mL
of complete media with 1.25% agarose was added. After 4 d, 4
mL of agarose medium with 0.02% neutral red dye (AdCEH)
or X-Gal (AdβGAL) was added and flasks were monitored for
plaques for 10 more days.

Cell culture of human embryonic 293 cells. The 293 cells
were cultured in DMEM with high glucose (4.5 g/mL), L-glut-
amine (0.292 g/mL), penicillin (100 U/mL), streptomycin (100
µg/mL), and 10% heat-inactivated FBS, in a humidified envi-
ronment at 37°C with 5% CO2.

Preparation of total RNA and Northern blot analysis. Total
RNA from livers was prepared by CsCl pelleting (10). Aliquots
with 2.5, 5, and 8 µg RNA from each mouse were elec-
trophoresed on 1% agarose gels with formaldehyde. Northern
blots were prepared using GeneScreen™ (NEN Life Science
Products, Boston, MA) membranes as described previously
(19). Blots were simultaneously hybridized to 32P-labeled
cDNAs of rat hncCEH and the internal loading standard,
mouse glyceraldehyde-3-phosphate-dehydrogenase (GAPDH).
Hybridizing bands were visualized by exposure on a phosphor
K-screen (Bio-Rad, Hercules, CA) and the Molecular Imager
FX system. Densitometry was performed using Quantity One
software (Bio-Rad). Density values from bands hybridizing to
hncCEH were normalized to GAPDH.

Lipid extraction and determination. Total lipids were ex-
tracted by the method of Bligh and Dyer (20). Extracts were
dried under N2 and resuspended in 1 mL isopropanol for lipid
determination. Hepatic TAG were measured with the Sigma
Diagnostics Triglyceride GPO-Trender kit; hepatic total cho-
lesterol, with Sigma Diagnostics Infinity Cholesterol Reagent;
and hepatic FC, with the Boehringer Mannheim (Indianapolis,
IN) cholesterol kit using standards certified by suppliers. Ester-
ified cholesterol was calculated by the difference between total
cholesterol and FC.

Ribonuclease protection assay. Ribonuclease protection as-
says were performed as described previously using an Ambion
RPA II system (Austin, TX) (21). The gel was dried and placed
on film overnight at –80°C. Bands were quantified with a Mo-
lecular Dynamics densitometer and Bio-Rad Quantity One
software. Values were normalized to cyclophilin.

Enzyme assays. Cholesteryl esterase activity was measured
by hydrolysis of cholesteryl [1-14C]oleate using the radiomet-
ric method of Ghosh and Grogan (22). hncCEH is a broad-
specificity esterase that exhibits higher activity with water-sol-
uble p-nitrophenyl esters than with lipophilic substrates. These
esters provide a rapid and sensitive screen for catalytic activity.
PNPC esterase activity was determined spectrophotometrically
with PNPC as described earlier (12). PNPC hydrolysis was de-
termined in 1 mL assay buffer with 1–200 µg protein. Two hun-
dred nanomoles of PNPC was added to start the reaction, which
was incubated for 1–15 min at 37°C. Absorbance was mea-
sured at 400 nm.

The β-galactosidase assay was started by addition of 150 µL
of β-galactosidase substrate buffer (200 mM Na2HPO4, 2 mM
MgCl2, 100 mM β-mercaptoethanol, and 1.33 mg/mL o-nitro-
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phenyl β-D-galactopyranoside) to 150 µL of sample (12). The
reaction mixture was incubated at 37°C until the reaction was
stopped with 500 µL of 1 M NaHCO3. Absorbance was mea-
sured at 420 nm.

Statistical analysis. Data presented in Figures 4–6 and Table
1 are correlated; i.e., they are collected from the same set of
mice. Data were analyzed for statistically significant differ-
ences using the unpaired t-test, testing for equal SD. A Welch
correction was used for comparison of means with significant
differences in SD.

RESULTS

Validation of adenoviral constructs in cell culture. hncCEH is
a broad-specificity esterase that hydrolyzes the synthetic water-
soluble substrate PNPC more efficiently than natural lipophilic
substrates (12). Moreover, since earlier studies showed that
cholesteryl esterase activity of hncCEH varied with its level of
phosphorylation, PNPC-esterase activity provides a more reli-
able index for over-expression of this enzyme (12). Thus,
PNPC-esterase was used in the initial screening for catalytic
activity. To determine the effectiveness of the adenoviral con-
structs as expression vectors, PNPC-esterase and β-galactosi-
dase activities were measured in COS-7 cells infected with
AdCEH and control construct AdβGAL. As shown in Figure
1, β-galactosidase activity was 40-fold higher in AdβGAL con-
trols than in AdCEH-infected cells, whereas PNPC-esterase ac-
tivity of AdβGAL controls was not different from that of unin-
fected cells (0.779 µmol/h/mg protein). Thus, virus infection
itself did not elevate PNPC-esterase activity in cell culture. In
contrast, PNPC-esterase was 460-fold higher in AdCEH in-
fected cells (358 µmol/h/mg protein) than in AdβGAL con-
trols, whereas β-galactosidase was not elevated. Thus, elevated
PNPC-esterase levels were attributed specifically to expression
of the hncCEH cDNA.

Optimization of conditions for adenovirus expression in
mice. Mice were injected with various doses of AdβGAL to op-
timize expression and determine maximum tolerated doses of
virus. A dose of 1013 pfu (plaque-forming units) produced no
β-galactosidase activity above saline-injected controls. Mice
injected with 1014, 1014.5, and 1015 pfu AdβGAL exhibited 2-,
8- and 83-fold higher β-galactosidase activities, respectively,
than controls on day 3 postinjection (data not shown). All
dosages were tolerated, except 1015 pfu, which was lethal to
40% of the mice. Whereas 1014.5 pfu produced an eightfold in-
crease in activity without acute toxicity or weight loss (data not
shown), this dosage was selected for subsequent studies.
β-Galactosidase was then measured in the livers of mice at var-
ious times after injection with 1014.5 pfu AdβGAL. β-Galac-
tosidase activity was 117-, 76- and 8-fold higher than saline-
injected controls 1, 2, and 3 d postinfection, declining to control
values by day 7 (data not shown).

Optimization of expression of hncCEH in mice. To deter-
mine a minimum dosage necessary for expression of hncCEH,
the hncCEH mRNA was measured in total RNA extracts from
livers of mice infected with various doses of AdCEH. As de-

picted in Figure 2, the larger exogenous rat mRNA transcript
of AdCEH was distinguishable from homologous endogenous
mouse mRNA (23) that also hybridized with the hncCEH
probe. The hncCEH mRNA was visible on Northern blots 3 d
after infection with 1013 pfu (lanes 10–12), whereas only bands
corresponding with endogenous carboxylesterases were visible
at lower doses (lanes 1–9). Mice injected with AdβGAL ex-
pressed only the endogenous mRNA (data not shown). Thus,
the well-tolerated dose 1014.5 pfu was well above the minimum
necessary for expression of hncCEH mRNA.
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FIG. 1. p-Nitrophenylcaprylate (PNPC) esterase and β-galactosidase ac-
tivities in postmitochondrial supernatants of COS-7 cells infected with
AdCEH (adenovirus over-expressing cholesteryl ester hydrolase) or Adβ-
GAL (adenovirus over-expressing β-galactosidase). Cells were infected at
MOI (multiplicity of infection) 100, harvested 72 h postinfection, and as-
sayed for both substrates. The controls were infected cells assayed for the
activity that was not associated with the infecting virus. Activity is ex-
pressed as mean ± SEM for two different cultures at three protein concen-
trations, each in triplicate.

FIG. 2. Northern blot showing expression of hepatic neutral cytosolic
cholesteryl ester hydrolase (hncCEH) mRNA in livers of mice injected
with various doses of AdCEH. Mice were injected by tail vein with 1 ×
1010 to 1 × 1013 plaque-forming units (pfu) AdCEH or AdβGAL (not
shown). Livers were harvested and total RNA extracted 72 h after infec-
tion. Northern blots were probed with full-length hncCEH cDNA and
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) (constitutive
loading standard) probe as described in the Materials and Methods sec-
tion. Rat trans gene (exogenous hncCEH) is 200 bp larger than homolo-
gous mouse transcript (endogenous hncCEH) due to inclusion of the
viral poly A tail. Lanes 1–3: 1 × 1010, Lanes 4–6: 1 × 1011, Lanes 7–9: 1
× 1012, Lanes 10–12: 1 × 1013; three individual mice were used for each
dosage. For abbreviations see Figure 1.



Time course for expression of hncCEH in mice. Mice were
injected with 1014.5 pfu AdCEH or AdβGAL, and livers were
harvested at 1, 3, 7, and 11 d postinfection. The rat hncCEH
(exogenous) and mouse endogenous mRNAs were measured
by quantitative Northern blotting. As shown in Figure 3, hnc-
CEH (exogenous) mRNA was present in AdCEH-infected
mice on all days, whereas this transcript was absent from the
AdβGAL controls. Three days after infection, hncCEH mRNA
peaked fourfold higher than endogenous message but declined
on subsequent days. Consistent with the function of hncCEH,
cholesteryl esterase activity measured in the same liver samples
(dotted line) correlated well with the hncCEH mRNA levels. En-
dogenous mRNA hybridizing with the cDNA for hncCEH was
increased 24 h postinfection by AdCEH, possibly reflecting a
transient increase in expression of the homologous mouse es-
terase-22 (23) not seen in AdβGAL controls. However, this in-
crease in endogenous mRNA was not seen on day 3. By days 7
and 11, endogenous mRNA was significantly lower in the
AdCEH-infected mice, suggesting a compensatory lowering of
the homologous mouse esterase in response to elevated levels
of hncCEH activity.

Both PNPC-esterase and cholesteryl esterase activities were
measured in liver homogenates at 1, 2, 3, 7, and 11 d postinjec-
tion. As shown in Figure 4, PNPC-esterase activity was ele-
vated by AdCEH within 24 h, peaked at 300% of controls on
day 2, remained elevated through day 7, but declined to 62%
of controls by day 11. In contrast, cholesteryl esterase activity

was not significantly elevated until day 3, when it rose to 829%
of controls. Cholesteryl esterase activity then declined gradu-
ally but remained 76% higher than controls on day 11. Thus,
the two esterase activities followed somewhat different time
courses of expression. It is possible that the lag in expression
of cholesteryl esterase reflects protein kinase activation, which
is not required for the expression of PNPC esterase activity by
this enzyme (22).

Effects of hncCEH over-expression on liver cholesterol and
TAG. As presented in Table 1, FC, the product of hncCEH,
trended higher in AdCEH mice on all days postinjection. FC
was 44% higher (P < 0.03) than AdβGAL controls on day 7,
following a peak in hepatic cholesteryl esterase activity. More-
over, the mean FC was significantly higher than controls
(P < 0.02, n = 9) when values were pooled for days 3, 7, and
11, the period of elevated cholesteryl esterase. Also consistent
with the time course for cholesteryl esterase activity, hepatic
esterified cholesterol was not significantly different from con-
trols on days 1 and 3 but trended lower on day 7 and fell to 11%
of control values by day 11 (P < 0.02). Thus, over-expression
of hncCEH elevated hepatic FC and depleted esterified choles-
terol, the physiological substrate for this enzyme. The associ-
ated depletion of esterified cholesterol most likely limited the
elevation of FC on days 7 and 11 while cholesteryl esterase re-
mained elevated. The two groups exhibited no significant dif-
ferences in serum total cholesterol on any single day, although
the pooled values for days 7 and 11 were slightly lower than
controls (Table 1).

As reported earlier, hncCEH also hydrolyzes TAG in vitro
and is activated by cAMP-dependent protein kinase, suggest-
ing that this enzyme also functions as the hepatic hormone-sen-
sitive TAG lipase (12,24,25). Consistent with such a functional
role, hepatic TAG also dropped well below control levels in
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FIG. 3. Rat hncCEH (exog) and homologous mouse esterase (endog)
mRNA in mice over-expressing hncCEH or control β-galactosidase.
Mice were injected with 1 × 1014.5 pfu AdCEH or AdβGAL. Livers were
harvested at the indicated times and hncCEH mRNA or endogenous
mouse esterase mRNA was measured and normalized to the loading
standard GAPDH by quantitative Northern blot as described in the Ma-
terials and Methods section (see Fig. 2 for representative autoradio-
gram). Correlated cholesteryl esterase activities corresponding with the
mRNA levels are graphed on the right axis as % AdβGAL control
(- - -). Normalized activities are expressed as average ± SEM for three
mice, except day 1, for which the AdCEH group contained two mice;
(*) indicates P < 0.05. CEH, cholesteryl ester hydrolase; β-Gal, β-galac-
tosidase; for other abbreviations see Figures 1 and 2.

FIG. 4. Time course for expression of hepatic PNPC and cholesteryl es-
terase activities in mice infected with AdCEH or AdβGAL. Mice were in-
jected by tail vein with 1014.5 pfu AdβGAL or AdCEH. Postmitochondrial
supernatants were assayed for esterase activity using PNPC or cholesteryl
[1-14C]oleate. Assays were performed at two different protein concentra-
tions, each in triplicate. Activity is expressed as % AdβGAL control ± SEM
for three mice/group, except day 1, for which the AdCEH group contained
two mice; (*) indicates different from controls, P < 0.05. For abbreviations
see Figures 1 and 3. 



AdCEH-injected mice after day 3, following a pattern similar
to that of CE (see Table 1). TAG were higher than controls in
AdCEH-injected mice on days 1 and 3, prior to induction of
cholesteryl esterase activity. However, the subsequent mobi-
lization reduced TAG to 17% of control levels (P < 0.01) by
day 7 and 35% of controls (P < 0.003) for the pools of all mice
from days 7 and 11.

Effects of hncCEH over-expression on other hepatic en-
zymes of cholesterol homeostasis. The hepatic mRNAs for
HMGCoAR, CYP7A1, and CYP27 were measured by ribonu-
clease protection assays in the same mice injected with AdCEH
at time points corresponding with increased cholesteryl es-
terase activities and FC levels. As seen in Figure 5, mRNAs for
all three enzymes were initially slightly higher than controls in
AdCEH-injected mice, although this trend was significant only
for CYP7A1 on day 1. Like the early elevations in endogenous
carboxylesterase mRNA and TAG, this apparent elevation was
modest in comparison with changes occurring at later time
points and probably reflects transient perturbations of the sys-
tem, since cholesteryl esterase activity was not expressed on
day 1. Following the appearance of cholesteryl esterase activ-
ity and the resulting increase in hepatic free cholesterol,
mRNAs for all three enzymes declined markedly and were sig-
nificantly lower than controls in AdCEH mice on day 7. The
resulting decline in mRNA levels from day 3 to day 7 was 46%
for CYP27 and 47% for CYP7A1. Moreover, 44% higher FC

levels in AdCEH mice were accompanied by 42% lower
HMGCoAR mRNA on day 7, consistent with the well-known
feedback regulation of this enzyme (1,3).
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TABLE 1  
Effects of Hepatic Neutral Cytosolic CE Hydrolase (hncCEH) and ββ-Galactosidase Over-expression on Liver Lipids and Serum Cholesterola

Liver lipid class (mg/g liver)

Total Free Esterified Serum

Day/treatment cholesterol cholesterol cholesterol TAG cholesterol (mg/dL)

Infection + 1
AdCEH 3.12 ± 0.30 2.33 ± 0.03 0.79 ± 0.33 38 ± 1 152 ± 16
AdβGAL 3.05 ± 0.09 2.16 ± 0.15 0.89 ± 0.24 19 ± 2 180 ± 22

Infection + 3
AdCEH 2.00 ± 0.22 1.61 ± 0.18 0.38 ± 0.08 7.0 ± 1.1 128 ± 7
AdβGAL 1.62 ± 0.06 1.39 ± 0.12 0.23 ± 0.09 4.1 ± 0.3 120 ± 11

Infection + 7
AdCEH 2.44 ± 0.22 2.17 ± 0.17** 0.27 ± 0.09 2.9 ± 0.5**** 91 ± 3.0
AdβGAL 1.86 ± 0.03 1.51 ± 0.09 0.35 ± 0.05 17.8 ± 2.8 116 ± 3.5

Infection + 11
AdCEH 1.95 ± 0.10 1.93 ± 0.10 0.02 ± 0.01*** 8.2 ± 2.0 103 ± 0.05
AdβGAL 1.95 ± 0.04 1.80 ± 0.04 0.18 ± 0.05 14.0 ± 3.1 119 ± 15

Infection + 3-11
AdCEH 2.13 ± 0.12* 1.91 ± 0.11***
AdβGAL 1.81 ± 0.05 1.56 ± 0.07

Infection + 7-11
AdCEH 2.19 ± 0.15 2.05 ± 0.10**** 0.14 ± 0.07 5.5 ± 1.5***** 96 ± 5*
AdβGAL 1.90 ± 0.03 1.64 ± 0.07 0.27 ± 0.05 15.9 ± 2.1 117 ± 5

aMice were injected with 1014.5 pfu adenovirus over-expressing cholesteryl ester (CE) hydrolase (AdCEH) or control β-galactosidase (AdβGal). At the speci-
fied time postinjection, liver or serum lipid extracts from three mice/group were analyzed in triplicate for TAG and free and total cholesterol; esterified cho-
lesterol was calculated as the difference, total cholesterol – free cholesterol. Values are means ± SEM. *Significantly different from AdβGAL controls,
*P < 0.005; **P < 0.03; ***P < 0.02; ****P < 0.01; *****P < 0.003. Infection + 3-11 = mean of all values for days 3,7, and 11 (n = 9). Infection + 7-11 = mean of
all values for days 7 and 11 (n = 6).

FIG. 5. Effects of hncCEH over expression on hepatic mRNAs for HMG-
CoA reductase (HMGCoAR), cholesterol 7α-hydroxylase (CYP7A1), and
sterol 27-hydroxylase (CYP27). Mice were injected by tail vein with
1014.5 pfu AdβGAL or AdCEH. Livers were harvested at the indicated
times and total RNAs extracted for measurement of mRNAs by quanti-
tative ribonuclease protection assays as detailed in the Materials and
Methods section. Values represent mean % control ± SEM for three
mice, except day 1 for which the AdCEH group contained two mice; (*)
indicates P < 0.05. For other abbreviations see Figures 1 and 2.



DISCUSSION

As noted earlier, a number of studies have shown that hncCEH
mRNA, enzyme protein, and catalytic activity are regulated in
response to perturbations of cholesterol homeostasis that are
known to result in altered sterol flux through the liver
(8,10,11,13). However, the current study is the first to show that
over-expression of hncCEH both perturbs hepatic lipid levels
and produces predictable compensatory responses in other en-
zymes involved in regulation of cholesterol homeostasis. Both
hncCEH mRNA (Fig. 3) and cholesteryl esterase activity (Fig.
4) were elevated in AdCEH mice after day 2, remaining three-
and sixfold higher than AdβGal controls on day 7, by which
time FC was elevated 44% over controls (Table 1). Although
FC dropped thereafter, it is likely that this increase would have
been greater and more sustained if these changes had not been
accompanied by substantial depletion of the hepatic CE sub-
strate pool (Table 1). Although mRNA for HMGCoAR, the
rate-limiting step in cholesterol biosynthesis, decreased 42%
from day 3 to day 7, which would tend to oppose the effects of
hncCEH over-expression, this compensatory change did not
prevent an increase in FC. Moreover, the initial enzymes in the
acidic and neutral bile acid biosynthetic pathways were also
suppressed on day 7. Although this is counterintuitive in terms
of the expected effects on intracellular FC, it is nevertheless
apparent that homeostatic responses did not fully compensate
for the effects of hncCEH over-expression, even when CE were
in limited supply. This underscores the importance of hncCEH
in maintaining cholesterol homeostasis.

Whereas hncCEH hydrolyzes CE and TAG stores in the
liver, hormone-sensitive lipase (HSL) is responsible for this ac-
tivity in adipose, steroidogenic, and mammary tissues. Since
hncCEH and HSL perform essentially the same function in dif-
ferent tissues, over-expression of hncCEH and HSL should
produce similar effects. Escary et al. (26) used a plasmid vec-
tor to over-express HSL in lipid-laden adipocytes treated with
an ACAT inhibitor and observed a two- to threefold increase in
hydrolysis of CE (26). In that study, HSL over-expression re-
sulted in almost complete hydrolysis of intracellular CE stores
within 6 h. Whereas an ACAT inhibitor was required for de-
pletion of CE stores in that study, in the current study, liver CE
stores were almost completely depleted by over-expression of
hncCEH (Table 1), without inhibition of ACAT. More recently,
Okazaki et al. (27) used an adenovirus construct to over-
express HSL in lipid-laden macrophage foam cells, which also
resulted in depletion of CE stores. In those studies, increased
CE hydrolysis was apparently compensated by increased cho-
lesterol efflux, analogous to reverse cholesterol transport from
the cells, preventing significant increases in cellular FC levels
over a broad range of viral titers and CE levels. Although the
liver also exports FC, it is apparent from the current study that
neither of these processes in the bile and in serum lipoproteins
compensated for the elevation in FC produced by over-expres-
sion of hncCEH (Table 1). To the contrary, the 18% reduction
in serum cholesterol levels on days 7 and 11 could reflect de-
creased lipoprotein secretion resulting from depleted CE and

TAG stores. Increased biliary cholesterol secretion remains a
possible compensatory mechanism, although this was not mea-
sured in the current study.

Like HSL, hncCEH hydrolyzes TAG as well as CE (12).
Sztalryd et al. (28) showed that over-expression of HSL in cul-
tured adipocytes prevented accumulation of TAG. In the cur-
rent study, over-expression of hncCEH was similarly associ-
ated with a substantial depletion of liver TAG in vivo (Table 1).
Inasmuch as both enzymes are also activated by cyclic AMP-
dependent protein kinase, these data suggest that hncCEH and
HSL may play similar multifunctional roles in liver and extra-
hepatic tissues, respectively (22,29). However, unlike hncCEH,
there is as yet no evidence that HSL plays a central regulatory
role in cholesterol homeostasis (8,10,11,13).

As the hydrolytic component of the CE cycle in the liver,
hncCEH promotes production of both FC and oxysterols, po-
tent regulators of sterol and bile acid synthesis. To date, most
studies have been focused on ACAT, the biosynthetic compo-
nent of the CE cycle in the liver and most other tissues. Several
investigators have used ACAT inhibitors to shift the balance
toward net hydrolysis, relying on an unspecified endogenous
CE hydrolase to mobilize endogenous CE (30–32). The result-
ing increases in FC were associated with decreased activity and
mRNA for enzymes of cholesterol biosynthesis and increased
activity and mRNA for CYP7A1, the rate-limiting enzyme in
the acidic bile acid biosynthetic pathway. These investigators
concluded that expansion of the FC pool provides both sub-
strate and inducer for CYP7A1. This induction is mediated by
increased oxysterol concentrations through the nuclear hor-
mone receptor LXRα (liver X receptor α), which up-regulates
transcription of the CYP7A1 gene (33,34). The role of oxy-
sterols in suppressing enzymes of cholesterol biosynthesis is
well documented (35,36).

Similar to the effects of ACAT inhibition, over-expression
of hncCEH in the current study was accompanied by lower
HMGCoAR levels on days 7 and 11, following peak choles-
teryl esterase activity and coinciding with the highest levels of
FC observed. Moreover, CYP7A1 mRNA was elevated on day
11, following several days of elevated cholesteryl esterase ac-
tivity and a peak in FC levels. Paradoxically, both CYP7A1 and
CYP27 mRNA levels were suppressed on day 7. This may re-
flect feedback inhibition of these pathways by transient over-
production of bile acids in response to increased FC levels (37).
Both CYP7A1 and CYP27 are negatively regulated by cholate.
Cholate not only decreases the stability of CYP27 mRNA but
is also a ligand for the FXR (farnesoid X receptor), which stim-
ulates expression of the negative regulatory factor SHP (small
heterodimer partner), which in turn represses transcription of
CYP7A1 (38–41). Although attempts were made to test this
possibility by measuring biliary bile acids, variation between
animals was too high to detect any trends (data not shown).
Nevertheless, these data indicate that the capacity of bile acid
biosynthetic pathways to compensate for mobilization of CE
stores is limited by mechanisms that override the effects of in-
tracellular FC. This is not unexpected, given the potential toxi-
city of bile acids (42).
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ABSTRACT: Post-smolt Atlantic salmon (Salmo salar) were fed
six diets in which capelin oil was replaced with 0, 25, 50, 75, or
100% rapeseed oil (RO; low-erucic acid) or 50% olive oil (OO).
The experimental diets were fed to single groups of Atlantic salmon
for 42 wk, whereas the 100% capelin oil (0% RO) diet was fed in
duplicate. The β-oxidation capacity of palmitoyl-CoA was deter-
mined, using a method optimized for salmon tissues, at the start of
the experiment, after 21 wk (October), and after 42 wk (March) in
red and white muscle and in liver. Red muscle showed the highest
specific β-oxidation capacity, but when expressed as total β-oxida-
tion capacity for the whole tissue, white muscle was the most im-
portant tissue for the β-oxidation of FA. From the initial to the final
sampling, the β-oxidation capacity of white muscle increased sig-
nificantly, whereas the β-oxidation capacity in liver decreased sig-
nificantly. After 22 wk, white muscle exhibited an increased β-oxi-
dation capacity when the dietary RO content was raised from 25 to
75%, with similar effects in red muscle and liver after 42 wk of
feeding. The present results also show that the β-oxidation capacity
increased with an increase in fish size.

Paper no. L9581 in Lipids 40, 39–47 (January 2005).

Lipids of marine origin have beneficial effects on human
health, including the possible prevention of cardiac diseases
(1,2). Farmed Atlantic salmon (Salmo salar L.) are normally
fed a diet with a high lipid content, in which the lipids tradi-
tionally originate from other marine sources. Since the avail-
ability of marine lipid resources is declining, it is desirable to
investigate the possibility of incorporating vegetable oil into
fish feeds while maintaining fish welfare and the beneficial ef-
fects of fish consumption on human health. However, to moni-
tor the possible effects of vegetable oils on fish welfare, in-
creased knowledge regarding the basic mechanisms of lipid
metabolism is needed. 

Vegetable oils do not contain FA whose chain lengths ex-
ceed 18 carbons. Rapeseed oil (low-erucic acid) and olive oil
have low levels of 18:3n-3, moderate levels of 18:2n-6, and

high levels of 18:1n-9 compared with other vegetable oils.
Marine oils typically have high levels of n-3 FA, containing
22:6n-3 (DHA) and 20:5n-3 (EPA) and monounsaturated FA
(MUFA) with backbones exceeding 18 carbons in length such
as 20:1n-9 and 22:1n-11. 

β-Oxidation occurs in mitochondria and peroxisomes in both
fish and mammals (3–7). In studies in which mitochondrial and
peroxisomal β-oxidation have been measured separately, peroxi-
somal β-oxidation has been shown to constitute as much as 30%
of total hepatic β-oxidation in Notothenia gibberifrons, an
Antarctic cod (8), and 50% in Longhorn sculpins (Myoxo-
cephalus octodecimspinosus) (9). A study measuring mitochon-
drial and peroxisomal β-oxidation in Atlantic salmon showed
that 20 and 40% of the total β-oxidation capacity originated from
peroxisomes in red and white muscle, respectively (10). 

Previous studies have found that red muscle has the highest
capacity for β-oxidation (10,11) and white muscle the lowest.
In a study by Torstensen et al. (12), Atlantic salmon were fed
diets in which capelin oil was replaced with either palm oil or
oleic acid-enriched sunflower oil. Compared with the capelin
oil diet, the diet containing palm oil exhibited lower digestibil-
ity, but no significant differences in β-oxidation in red muscle
were found. Metabolic processes in fish, including lipid metab-
olism, are affected by season (13–15), temperature [reviewed
by Guderley (16)], and fish size (10,17,18).

The aim of the present study was to investigate the effects
on β-oxidation capacity due to an altered dietary lipid compo-
sition. In particular, the effect of increasing dietary levels of
rapeseed oil (RO) and olive oil (OO) at the expense of capelin
oil was studied. OO is a major component in the Mediterranean
diet, which is known to have benefits for human health. RO and
OO both have high levels of 18:1n-9; thus, a comparison be-
tween these two alternative oil sources was of interest. In addi-
tion, the method for measuring β-oxidation capacity was opti-
mized for Atlantic salmon tissues.

MATERIALS AND METHODS

Raising conditions. The fish experiment was carried out at the
Gildeskaal research station in Norway (67° North) from May
2001 to March 2002. Atlantic salmon with a mean initial
weight of 142 ± 1 g were divided into 7 net pens of 125 m3,
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with approximately 600 fish in each net pen. Biomass and
mean fish weight in each of the net pens were determined by
bulk weighing and were determined for all fish at each sam-
pling. The diets were fed to satiation by hand, and any dead fish
were removed daily and recorded. The fish were exposed to
continuous light from December 22 to May 1. Before and after
this period, the fish were exposed to natural light. The temper-
ature was measured monthly and ranged from 4 to 15°C (see
Ref. 19 for further details). 

The diets were produced by Nutreco ARC (Stavanger, Nor-
way) and were formulated to contain 450 g·kg–1 protein, 300
g·kg–1 lipid, 60 g·kg–1 moisture, 70 g·kg–1 ash, and 120 g·kg–1

nitrogen-free extract. The experimental diets had increasing
levels of RO, 0, 25, 50, 75, and 100%, at the expense of capelin
oil, and one diet in which 50% OO was added instead of
capelin oil. The diets had complete vitamin and mineral con-
tents. The 0% RO diet was fed to duplicate groups, whereas the
other diets were fed to single groups in a regression design.

Sampling procedure and preparation of tissue homogenates.
The fish were fasted 24 h prior to sampling. Fish were ran-
domly selected and anesthetized with metomidate (7 g·L–1;
Norwegian Medicinal Depot, Oslo, Norway) before being
killed by a blow to the head. Samples were taken at three stages
during the experimental period: a first sampling in May (initial
sampling), an intermediate sampling in October (22 wk), and a
final sampling in March (42 wk).

For measurements of β-oxidation capacity (performed on-
site), 15 fish were sampled and 5 fish were then pooled, yield-
ing three subsamples from each net pen. Red and white muscle
and liver were dissected out immediately. Red muscle was
taken from a region starting at the dorsal fin and extending to
the tail, and was dissected free from skin and white muscle. The
portion of white muscle was taken from the “Norwegian qual-
ity cut” region, between the dorsal and ventral fins. Approxi-
mately 1 g of red and white muscle and liver were sampled
from each fish (a total of 5 g for each subsample).

Samples from the red and white muscle and liver were then
transferred to 50-mL plastic tubes containing 20 mL of buffer
and were homogenized using an UltraTurrax homogenizer. The
homogenization buffer contained 10 mM HEPES (all chemi-
cals were obtained from Sigma Chemical Co., St. Louis, MO,
unless otherwise stated), 1 mM EDTA, and 0.25 M sucrose
(Merck KGaA, Darmstadt, Germany), and was adjusted to pH
7.4. The resulting homogenate was centrifuged at 1500 × g for
10 min at 4°C. The postnuclear fractions (E-fractions), which
contained mitochondria, peroxisomes, and other organelles,
were collected. The E-fraction from each tissue sample was di-
vided into three analytical parallels and one blank. An aliquot
of the fraction was retained for protein determination and
stored at –20°C until analyzed.

FA composition. The FA composition of total lipids in the
experimental diets (stored at –20°C) was analyzed using meth-
ods described previously (20,21). The methyl esters were sepa-
rated using a Trace 2000 gas chromatograph (Fison CE Instru-

ments, Milan, Italy; “cold on-column” injection, 60°C for 1
min at 25°C min–1, 160°C for 28 min at 25°C min–1, 190°C for
17 min at 25°C min–1, and 220°C for 10 min), equipped with a
50-m CP-Sil 88 (Chrompack, Middelburg, The Netherlands)
fused-silica capillary column (i.d., 0.32 mm) The FA were
identified by retention times using standard mixtures of methyl
esters (Nu-Chek-Prep, Elysian, MN), and the FA composition
(wt%) was calculated using an integrator (TotalChrom soft-
ware, Version 6.2, PerkinElmer Life and Analytical Sciences,
Inc., Boston, MA), connected to the gas chromatograph. The
content of FA per gram of diet was calculated using 19:0
methyl as the internal standard.

Enzyme activity. The rate of β-oxidation was measured for
each of the three tissues using [1-14C]palmitoyl-CoA as sub-
strate. A buffer mix was made in two steps: A HEPES buffer
adjusted to pH 8.1 (20 mM of HEPES with 125 mM of KCl
(Merck KGaA) was first made and stored. On the day of the
assay, the following components were added to 10 mL of the
HEPES buffer: 1 mL of 10 mM EDTA, 1 mL of 250 mM
MgCl2 (Merck KgaA), 2 mL of 100 mM DL-DTT (DL-dithio-
threitol), 150 µL of 20 mM NAD, 1 mL of 100 mM ADP, and
12.5 µL of 25 mM L-carnitine. The following volumes of E-
fraction were then mixed with 250 µL of buffer mix in 10-mL
plastic tubes: 30 µL for red muscle, 300 µL for white muscle,
and 30 µL for liver (diluted 1:5 with homogenization buffer).

The tubes containing homogenized tissue and buffer mix
(called the assay mix) were pre-incubated in a water bath at 20°C
for 2 min before adding 5 µL of 1.5 mM [1-14C]palmitoyl-CoA
(0.4 kBq; American Radiolabeled Chemicals Inc., St. Louis,
MO). The reaction was stopped after 10 min by adding 150 µL
of 1.5 mM KOH (Merck KGaA). To bind nonoxidized FA,
25 µL of FA-free BSA (FAF-BSA; 100 mg·mL–1) was added
and the tubes were shaken. The BSA–FA complex was then pre-
cipitated by adding 500 µL of ice-cold 4 M HClO4 (Merck
KGaA). The tubes were centrifuged for 10 min at 2400 × g. A
500-µL aliquot of the supernatant, which then contained prod-
ucts from mitochondrial and peroxisomal β-oxidation, was
added to 8 mL of scintillation cocktail (LumaSafe PlusTM;
Lumac·LSC, Groningen, The Netherlands). Disintegrations per
minute (dpm) were measured in a scintillation counter (Packard
1900 TR liquid scintillation analyzer). One blank was made for
each sample in the same way as for the analytical samples ex-
cept that [1-14C]palmitoyl-CoA was added after KOH had been
added to the tubes. β-Oxidation capacity was expressed as the
specific activity (Eq. 1) in the acid-soluble supernatant:

[1]

where parallels and blanks are expressed in dpm, incubation
time in minutes, and standard is the specific activity of the ra-
diolabeled FA added to the reaction (dpm·nmol–1). The β-ox-
idation activity, expressed per minute per gram of wet tissue
and per minute per tissue, is calculated as given in Equations
2 and 3:

 

specific activity
parallels blank

mg protein incubation time standard
100= −

⋅ ⋅
⋅
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[2]

[3]

where a tissue factor of 0.6 was used for white muscle, 0.05
was used for red muscle, and 0.01 was used for liver (22).

Method optimization. Prior to conducting the fish experi-
ment, the method of measuring β-oxidation capacity in tissue
homogenates was improved from previously described meth-
ods (10,23). The improved method was tested for different pro-
tein concentrations (E-fractions) added to the buffer mix for all
three tissues and with different pH in the buffer mix (adjust-
ment of pH in the HEPES buffer). This was done to find a lin-
ear relationship between the velocity of the reaction and the
protein concentration for all three tissues. For optimization of
the method, Atlantic salmon raised at the Institute of Marine
Research in Bergen, Norway, were used. The fish weighed 725
± 205 g and were 41 ± 4 cm long. These fish were fed a com-
mercial fish feed (Orion MP 400-60A; Skretting, Stavanger,
Norway), which contained 430 g·kg–1 (crude) protein, 330
g·kg–1 lipids, 72 g·kg–1 ash, and 9 g·kg–1 fiber. 

Tissue preparation and enzyme activity measurements were
performed as described previously except that the pH of the ini-
tial buffer mix (chemicals added to the HEPES buffer) and the
amount of E-fractions added to the buffer mix varied. The pH
was measured using a pH meter (inoLab pH level 1; WTW,
Weilheim, Germany).

Statistical analysis. Data from the method optimization were
calculated using GraphPad Prism, version 4.0 (GraphPad Soft-
ware, Inc., San Diego, CA). To create a curve-fitting plot for the
data, a one-site binding equation for hyperbolic curves was used: 

[4]

where Y is the velocity measured in dpm, Bmax is the maximal
binding, Kd is the protein concentration (amount of enzyme)
required to reach half binding, and X is the protein concentra-
tion. Data for the fish experiment were analyzed for statistical
differences using the nonparametric Kruskal–Wallis method
(Statistica, version 6.0; StatSoft Inc., Tulsa, OK), owing to the
fact that subsamples were used in this experiment (24).

RESULTS

Method improvement. A linear relationship was found between
milligrams of protein and amount of product produced (dpm)
for all tissues (Fig. 1). Less protein had to be added to the assay
for red muscle and for liver than in the original protocol to ob-
tain linearity. The left panels of Figure 1 show the relationship
between dpm and protein up to the point of saturation. The
right panels of Figure 1 exhibit the linear portion of the curve.
When the pH of the buffer increased, the velocity of the reac-
tion increased, and the points followed a hyperbolic curve bet-
ter than when a lower pH was used (Fig. 1, left panels). The

linear range for white muscle was from 0.6 to 4.5 mg protein,
for red muscle the linear range was between 0.02 and 0.13 mg
protein, and for liver the range was between 0.04 and 0.18 mg
protein (Fig. 1, right panels).

The liver homogenate had the highest pH, 7.4 ± 0.3 (diluted
E-fraction, 1 + 4), whereas the white muscle homogenate had the
lowest pH, 6.29 ± 0.04. Red muscle homogenate had a pH of 6.8
± 0.1. In the assay mix, the pH of white muscle increased from
6.5 to 6.7, for red muscle the pH increased from 6.0 to 7.0, and
in the liver the pH increased from 5.5 to 6.7 with an increase in
pH of the buffer. 

Fish experiment. The mean weight of fish from the initial
sampling to the final sampling increased from 146 ± 28 to 1572
± 301 g, with a mean weight of 993 ± 213 g in the intermediate
sampling. Mortalities were negligible throughout the experi-
ment. The sampled fish were randomly selected and did not dif-
fer in mass from the bulk weighing of the fish (19). The FA
composition of the different diets is given in Table 1. With in-
creasing RO in the diet, the amount of dietary saturated FA and
n-3 FA decreased. Within the n-3 FA, the amount of α-linole-
nic acid (18:3n-3) increased, whereas the levels of DHA and
EPA decreased. Furthermore, total MUFA and total n-6 FA in-
creased with increasing RO levels in the diet. The MUFA
18:1n-9 was the FA responsible for the increase of MUFA. The
FA composition of the 50% OO diet group was most similar to
that of the 50% RO diet group.

The total β-oxidation capacity (both mitochondrial and per-
oxisomal β-oxidation activity) of oxidized [1-14C]palmitoyl-
CoA (β-oxidation capacity) of red and white muscle and liver
is presented in Figure 2. There was a significant increase in β-
oxidation capacity in white muscle from May to March and a
significant decrease in liver β-oxidation from May to October.

Within the sampling performed in October, the β-oxidation
capacity in white muscle increased 1.7-fold when Atlantic
salmon were fed 75% RO compared with 0% RO; however,
this change was not statistically significant. Atlantic salmon
fed 75% RO had a significantly higher β-oxidation capacity
compared with Atlantic salmon fed 100% RO (Fig. 2, top
panel). In the final sampling period, the differences between
the dietary groups in white muscle β-oxidation were smaller
than in October, although all the dietary groups increased their
β-oxidation capacity compared with October, with the excep-
tion of the group fed the 75% RO diet.

Irrespective of diet, red muscle had the highest β-oxidation
capacity of the tissues measured. There were no statistically
significant differences between sample times or between di-
etary groups (Fig. 2, middle panel). However, the β-oxidation
capacity between the dietary groups was more or less the same
within each sample period, and the red muscle sampled in
March showed a β-oxidation capacity similar to that of the
white muscle sampled in October and to the liver sampled in
March (Fig. 2, bottom panel). Fish fed 50% OO had the high-
est β-oxidation capacity in red muscle in October compared
with the other dietary groups, showing a 1.6-fold increase
compared with fish fed 0% RO. The β-oxidation capacity of
red muscle was lower in March than in October.
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In October the liver exhibited a significantly increased β-
oxidation capacity in Atlantic salmon fed the 50% OO diet,
compared with fish fed the 0% RO diet (Fig. 2, bottom panel).
Data on livers of the other dietary groups in the October sam-
ples were lost due to a mistake in preparation of the assay
buffer. There were no statistical differences in hepatic β-oxida-
tion capacity between the dietary groups within the final sam-
pling.

Figures 3 and 4 show the β-oxidation capacity for white and
red muscle and for liver expressed per gram of tissue and per
tissue (i.e., accounting for total tissue mass), respectively.
When accounting for total tissue mass, white muscle had the
highest β-oxidation capacity of the three tissues measured (Fig.
4). Liver, on the other hand, had the lowest β-oxidation capac-
ity per tissue. The β-oxidation capacity in white muscle and in

liver increased during the experimental period (Fig. 4). Irre-
spective of how the β-oxidation capacity was expressed, the
pattern within a sample period or the relative changes between
sample times did not change in the muscle. When expressing
the data on a per-tissue basis (Fig. 4), there was an increased β-
oxidation capacity in Atlantic salmon fed 0% RO in the initial
sampling period compared with the other sampling times for
all three tissues.

DISCUSSION

Method improvement. To enable measurement of the maximum
β-oxidation activity (capacity) and to observe changes in the
capacity of the β-oxidation reaction, it is necessary to find the
range of tissue concentrations over which a linear relationship
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FIG. 1. The β-oxidation activity in white (top panels) and red (middle panels) muscle and in liver
(bottom panels) homogenates using [1-14C]palmitoyl-CoA as substrate. Increasing concentrations
and different pH in the buffer were tested. The figures on the left side show the β-oxidation activ-
ity with increasing tissue concentrations up to the point of saturation between the substrate and
protein. The figures on the right side show the β-oxidation activity within the linear range of the
reaction. The activity is expressed as net disintegrations per minute (dpm). The different symbols
relate to the pH of the HEPES buffer used in the buffer mix: pH 7.3 (ll), 7.8 (uu), 8.1 (n), and 8.3
(ss). Closed symbols indicate the preferred pH (see discussion for details). Each data point is the
average of three parallel measurements, and the error bars show SD. The values on the x-axis for
red muscle in the original protocol (middle left panel) are estimated, using a factor of 0.0083 be-
tween the protein values (mg) and volumes of E-fraction (postnuclear supernatant; µL) added on
the basis of other experiments performed and the mean relationship between measured mil-
ligrams of protein and volume of the E-fraction.

 



exists between tissue content and β-oxidation rate in Atlantic
salmon tissues. Thus, the purpose of the current study was to
determine experimentally the conditions under which the sub-
strate and other co-factors were in excess and only the enzymes
of β-oxidation were rate-limiting for red and white muscle and
liver. A linear range was found for the three tissues tested. 

Assay pH played a major role in obtaining reliable, repro-
ducible results. If the pH of the assay mix was not near the en-
zymes’ pH optimum, the functionality of the enzyme was re-
duced, and saturation of activity was not achieved (Fig. 1, pH
7.3). The rate of β-oxidation activity increased the most in liver
when the pH was increased from pH 7.3 to 8.1, whereas the
smallest increase was found in white muscle. Increasing the pH
further for white muscle did not result in a better curve (data
not shown). Based on this and the minor differences associated
with raising the pH from 8.1 to 8.3, the optimal pH level in the
HEPES buffer was set at 8.1. Salmonids use white muscle for
fast swimming and red muscle for prolonged and sustainable
swimming (25). During fast swimming (anaerobic work), the
muscle produces lactic acid that acts to lower the pH in the
muscle (26). This may indicate that enzymes in white muscle
are adapted to function in a more acidic environment and there-

fore have a broader pH optimum. Alternatively, the observa-
tions reported here may be explained by white muscle having a
higher buffering capacity compared with liver and red muscle.

Another methodological aspect that requires consideration
is the production and possible escape of radiolabeled CO2 from
oxidized [1-14C]palmitoyl-CoA. The last step in energy pro-
duction results in ATP, H2O, and CO2. Intuitively, therefore, a
measure of CO2 production during the assay could be used to
compensate for this potentially lost label and thus be used to
calculate exact β-oxidation rates. However, it has previously
been found that measuring only the [14C]CO2 production did
not give satisfying results when estimating the [14C]FA oxida-
tion rate (27). Another study found that insignificant amounts
of [14C]CO2 were produced during the β-oxidation reaction,
even after 1 h of incubation (9). The reaction in the present
study was run for 10 min; it may therefore be assumed that the
amount of [14C]CO2 produced in the β-oxidation reaction was
negligible.

Fish experiment. Fish growth did not vary significantly
among the dietary groups [details on growth parameters are
given in Torstensen et al. (19)]. This result is in line with previ-
ous studies regarding the replacement of fish oil with vegetable
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TABLE 1 
Dietary FA Composition (mg FA g–1 feed, w/w) of the Six Experimental Dietsa

FA 0% RO 25% RO 50% RO 75% RO 100% RO 50% OO

14:0 14.4 10.8 8.5 5.1 1.0 7.2
16:0 25.0 21.6 21.0 17.9 13.7 24.9
18:0 2.1 2.6 3.3 3.8 4.1 4.1
Sum saturated 43.9 37.5 35.1 29.9 21.7 38.2

16:1n-9 0.5 0.5 0.4 — — 0.4
16:1n-7 17.3 13.1 10.4 6.3 1.5 9.5
18:1n-9 24.1 48.5 76.2 101.5 128.6 79.1
18:1n-7 7.4 7.2 7.9 8.0 7.7 5.9
20:1n-11 0.9 0.6 0.7 0.6 — 0.6
20:1n-9 36.9 28.5 23.0 14.7 5.1 19.1
20:1n-7 1.5 0.9 0.7 0.5 — 0.7
22:1n-11 28.6 21.8 17.1 10.3 2.3 11.6
22:1n-9 4.4 3.5 3.0 2.2 1.2 2.3
Sum monoenes 123.0 125.6 140.3 144.5 146.9 130.0

18:2n-6 7.6 16.3 27.0 36.9 46.9 16.4
20:2n-6 0.5 0.5 — — — —
20:4n-6 0.6 0.5 0.2 — — 0.4
Sum n-6 8.7 17.3 27.2 36.9 46.9 16.8

18:3n-3 2.3 6.4 11.0 15.9 20.7 5.5
18:4n-3 6.1 4.7 3.7 2.2 0.4 3.1
20:4n-3 0.9 0.6 0.5 — — 0.5
20:5n-3 12.6 9.7 8.0 5.1 1.7 6.9
22:5n-3 0.9 0.7 0.6 0.4 — 0.5
22:6n-3 10.0 8.0 7.1 5.0 2.5 6.2
Sum n-3 34.1 30.6 31.4 28.6 25.4 23.1

n-3/n-6 3.9 1.8 1.2 0.8 0.5 1.4
Sum total FA 215.5 215.1 235.4 239.9 240.9 212.2
Sum identified 210.1 212.0 234.0 239.9 240.9 208.1
aData are presented as means (n = 2); when values are below 0.1, they are denoted by —. RO, rapeseed oil; OO, olive oil.



oils (12,28–30). FA composition was analyzed in red and white
muscle and in liver in the present experiment and has been re-
ported by Torstensen et al. (21). FA compositions of both types
of muscle were highly reflective of the dietary FA compositions,
which is in agreement with earlier findings (31–34).

In the present experiment, red muscle had the highest specific
β-oxidation capacity, whereas white muscle had the lowest (Fig.
1). This is in agreement with earlier results (12,35). However,

when considering the total amount of energy produced by β-oxi-
dation in the different tissues, white muscle is the most impor-
tant tissue (Fig. 4), since white muscle makes up approximately
60% of the total body mass in Atlantic salmon (22). These re-
sults are also supported by previous studies (10,11).

All fish in the present experiment were fed a commercial feed
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FIG. 2. β-Oxidation capacity, measured using [1-14C]palmitoyl-CoA as
substrate in white muscle, red muscle, and liver from post-smolt Atlantic
salmon fed diets containing 0, 25, 50, 75, or 100% of the lipid content as
rapeseed oil (RO) or 50% as olive oil (OO) to replace capelin oil for 42
wk (March). An intermediate sampling was performed after 22 wk (Octo-
ber). β-Oxidation capacity is expressed as nmol·min–1·mg protein–1. Data
are presented as means ± SEM (n = 3). Capital letters indicate statistically
significant differences between 0% RO for every sampling; small letters
indicate differences within each sampling. No letters indicate no statisti-
cally significant differences. Data were analyzed using the nonparamet-
ric Kruskal–Wallis test. Note that the scaling on the y-axis differs between
tissues.

FIG. 3. β-Oxidation capacity, measured using [1-14C]palmitoyl-CoA as
substrate in white muscle, red muscle, and liver from post-smolt Atlantic
salmon fed diets containing 0, 25, 50, 75, or 100% of the lipid content as
RO or 50% as OO to replace capelin oil for 42 wk (March). An interme-
diate sampling was performed after 22 wk (October). β-Oxidation capac-
ity is expressed as nmol·min–1· g wet tissue–1. Data are presented as mean
± SEM (n = 3). Capital letters indicate statistically significant differences
between 0% RO for every sampling; small letters indicate differences
within each sampling. Data were analyzed using the nonparametric
Kruskal–Wallis test. Note that the scaling on the y-axis differs between tis-
sues. For abbreviations see Figure 2.



prior to the experiment. The main differences between the initial
sampling period and the 0% RO diet group in the final sampling
would reflect the combined effects of growth, ontogeny, temper-
ature, light regime, and season. White muscle had a significantly
increased β-oxidation capacity between the initial and final sam-
pling, whereas liver had a decreased β-oxidation capacity over
the same time period, with statistical differences noted between

the initial and the intermediate sampling (Fig. 2, bottom panel).
Red muscle showed no significant differences over the course of
the experiment. It was reported earlier that β-oxidation capacity
decreases with an increase in fish size (10,12). The results from
the present study showed that the β-oxidation capacity in all
three tissues increased with size, especially in the first growth
phase after seawater transfer (Fig. 4; 0% RO). Kiessling et al.
(17) did not find any differences in muscle 3-hydroxyacyl-CoA
dehydrogenase activity, a key enzyme in β-oxidation, in the sea-
water phase. However, both the size of the fish (36) and the
method for measuring β-oxidation capacity differed between
these studies, and this may explain the variation between the two
results. Since white and red muscle together constitute approxi-
mately 65% of the total body weight (22), it can therefore be con-
cluded that the β-oxidation capacity in Atlantic salmon increased
during growth.

The β-oxidation capacity in white muscle in Atlantic salmon
was highest during winter (March), coinciding with the lowest
temperature, whereas liver had the highest β-oxidation capac-
ity in the spring (May; medium temperature). Earlier studies
showed that the β-oxidation enzyme activity in muscle is af-
fected by temperature [reviewed by Guderley (16)] and by sea-
son (13) and might increase during acclimatization to the cold.
In the present experiment, the temperature varied from 7.7°C
in May to 3.7°C in March to 9.7°C in October. The statistically
significant increase in β-oxidation capacity seen in white mus-
cle in March (Fig. 2) could therefore be due to acclimatization
to lower temperatures. This increase was not observed for the
other two tissues. 

Three possible mechanisms may account for the increase in
β-oxidation capacity: enhanced mitochondria or peroxisome
content in the cells, increased enzyme content (e.g., increase in
the volume of organelles), or a stimulation in the relative activ-
ity of the enzymes [reviewed by Reddy and Mannaerts (7)].
The increased β-oxidation capacity of white and red muscle
from the 25% RO to the 75% RO dietary group in October, and
of red muscle and liver in the final sampling period, indicated
that there was a positive correlation between increasing RO
content in the feed and β-oxidation capacity (Fig. 2). Thus, a
single FA or a combination of FA that induced β-oxidation ca-
pacity might be present in the feed. Substrate preferences for
the β-oxidation reaction have been found in both rainbow trout
(37–39) and Atlantic salmon (38). It was previously shown that
in rainbow trout red muscle mitochondria, MUFA, especially
16:1n-7, 18:1n-9, 22:1n-9, and 22:6n-3, were β-oxidized at the
same rate, whereas 18:2n-6 and 18:3n-3 had lower β-oxidation
rates (37). In a recent study (40), 50% of the 18:1n-9 or 20:5n-3
added to skeletal muscle cells was β-oxidized. In addition,
22:1n-11 is scarce in the phospholipids of fish biomembranes
in spite of high dietary levels and is therefore thought to be a
good substrate for β-oxidation (41). The increased β-oxidation
capacity in white muscle with increasing dietary RO content
could be due to the increased level of dietary MUFA that ac-
companied this diet. Although similar trends were observed in
red muscle and in liver, there were no statistically significant
effects. Similarly, in a study in which dietary capelin oil was
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FIG. 4. β-Oxidation capacity, measured using [1-14C]palmitoyl-CoA as
substrate in white muscle, red muscle, and liver from post-smolt Atlantic
salmon fed diets containing 0, 25, 50, 75, or 100% of the lipid content as
RO or 50% as OO to replace capelin oil for 42 wk (March). An interme-
diate sampling was performed after 22 wk (October). β-Oxidation capac-
ity is expressed as nmol·min–1· wet tissue–1. Data are presented as mean
± SEM (n = 3). Capital letters indicate statistically significant differences
between 0% RO for every sampling; small letters indicate differences
within each sampling. Data were analyzed using the nonparametric
Kruskal–Wallis test. Note that the scaling on the y-axis differs between tis-
sues. For abbreviations see Figure 2.



replaced with 50 and 100% oleic acid-enriched sunflower oil
and 100% palm oil, no significant differences in the β-oxida-
tion capacity in Atlantic salmon red muscle were observed after
21 wk (12). Analysis of the FA composition of fish in the pre-
sent study indicated a relatively low retention of 18:2n-6,
18:3n-3, and MUFA in white muscle (21). Additionally, EPA
and DHA exhibited increased tissue retention with increasing
dietary RO content, whereas 18:1n-9 and 18:2n-6 displayed de-
creased retention. It has been suggested in several studies that
in fish, the FA present in excess are preferentially β-oxidized
over those present in lower amounts (21,42). In the present
study, the amount of both 18:2n-6 and 18:3n-3 increased with
increasing dietary RO, coinciding with an increased β-oxida-
tion capacity in white muscle in October, and in red muscle and
liver in March. This result indicates that when 18:2n-6 and
18:3n-3 are fed in high concentrations, they become good sub-
strates for the β-oxidation reaction and might even be inducers
of the reaction in white muscle.

From the same sampled fish as those used in the present
study, Torstensen et al. (19) showed that the lipid content de-
creased in October with increasing dietary RO and in the 50%
OO diet. In addition, there was a tendency for lower fish growth
with increasing diet RO and in the OO group in October (with
no significant differences in growth of the sampled fish, data
not shown). However, in March, differences in fish growth
were masked by a decreased specific growth rate, and observed
differences in lipid content in white muscle were smoothed out
(19). The observed decline in lipid content in October (19) was
not reflected by changes in β-oxidation capacity in the muscle
(Fig. 2). Since the content of lipids depends on a number of fac-
tors in addition to their use for energy metabolism, it is likely
that processes such as growth, absorption, and deposition of fat
may better reflect the changes in lipid content. Another possi-
bility for the decreased lipid content in white muscle was that a
change in lipid deposition occurred that did not favor the stor-
age of lipids in white muscle. Several studies have shown that
lipid deposition in muscle is affected when Atlantic salmon are
fed vegetable oil (29,30).

Increasing the dietary RO content from 75 to 100% resulted
in an 8% increase in the specific β-oxidation capacity in red
muscle, compared with a 75% decrease in white muscle in the
October sampling period (Fig. 2). In the same dietary groups,
the β-oxidation capacity decreased in both red and white mus-
cle by 37 and 30%, respectively, in the March sampling. Thus,
the FA composition of the 100% RO diet may not have favored
β-oxidation in the muscles. When 50% of the capelin oil was
replaced with OO, the effects of β-oxidation capacity were
more or less the same as when the capelin oil was replaced with
50% RO (Fig. 2). However, there was an increased β-oxidation
capacity in red muscle and in liver in October when Atlantic
salmon were fed 50% OO, but this difference was not seen in
March. If the growth of the fish had been greater over the last
sampling period, then an improved β-oxidation capacity may
have been seen.

Similar dietary effects on β-oxidation capacity in red and
white muscle and in liver were observed when the data were

expressed per gram of wet tissue or per gram of protein (Figs.
2, 3). This indicates that there were no differences in protein
concentration between the samples. However, when the data
were expressed as β-oxidation capacity per tissue, red muscle
and liver exhibited different responses (Figs. 2, 4), indicating
that tissue size is an important factor to consider when deter-
mining β-oxidation capacity, especially for the liver. In exam-
ining the three tissues measured in the present study, one can
conclude that the tissues responded differently to diets, seasons,
and growth. In addition, it is difficult to know which factor was
most influential on the β-oxidation capacity. Further studies are
therefore needed to understand more regarding the contribu-
tion of whole tissue to the overall lipid metabolism of fish, and
what factors can be manipulated to maximize both the metabo-
lism of aquacultural species and economic factors. White mus-
cle is clearly an important tissue in this perspective. 
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ABSTRACT: FA with varying chain lengths and an α-methyl group
and/or a sulfur in the β-position were tested as peroxisome prolifer-
ator-activated receptor (PPAR)α, -δ(β), and -γ ligands by transient
transfection in COS-1 cells using chimeric receptor expression plas-
mids, containing cDNAs encoding the ligand-binding domain of
PPARα, -δ, and -γ. For PPARα, an increasing activation was found
with increasing chain length of the sulfur-substituted FA up to C14-S
acetic acid (tetradecylthioacetic acid = TTA). The derivatives
were poor, and nonsignificant, activators of PPARδ. For PPARγ, ac-
tivation increased with increasing chain length up to C16-S acetic
acid. A methyl group was introduced in the α-position of palmitic
acid, TTA, EPA, DHA, cis9,trans11 CLA, and trans10,cis12 CLA.
An increased activation of PPARα was obtained for the α-methyl
derivatives compared with the unmethylated FA. This increase also
resulted in increased expression of the two PPARα target genes
acyl-CoA oxidase and liver FA-binding protein for α-methyl TTA,
α-methyl EPA, and α-methyl DHA. Decreased or altered metabo-
lism of these derivatives in the cells cannot be excluded. In conclu-
sion, saturated FA with sulfur in the β-position and increasing car-
bon chain length from C9-S acetic acid to C14-S acetic acid have
increasing effects as activators of PPARα and -γ in transfection as-
says. Furthermore, α-methyl FA derivatives of a saturated natural
FA (palmitic acid), a sulfur-substituted FA (TTA), and PUFA (EPA,
DHA, c9,t11 CLA, and t10,c12 CLA) are stronger PPARα activators
than the unmethylated compounds.

Paper no. L9588 in Lipids 40, 49–57 (January 2005).

FA are key substrates in several metabolic pathways, and organ-
isms have evolved complex mechanisms to maintain a proper
balance between absorption, metabolism, and storage of FA. In
mammals, several of these mechanisms involve nuclear tran-
scription factors. The peroxisome proliferator-activated recep-
tors (PPARs) belong to the nuclear receptor superfamily, which
are activated by, e.g., FA and peroxisome proliferators. These re-
ceptors control the expression of genes regulating lipid and glu-

cose metabolism as well as adipogenesis (1–4). The PPAR fam-
ily consists of three subtypes encoded by separate genes:
PPARα, PPARδ (also called hNUC1, PPARβ, or FAAR), and
PPARγ1 and –γ2 (5–7). PPARα is expressed mainly in liver and
kidney and to a lesser extent in skeletal muscle, heart, and intes-
tine; PPARδ , in contrast, is expressed ubiquitously (8). PPARγ1
is expressed in various organs such as liver, heart, and muscle,
whereas PPARγ2 is expressed almost exclusively in adipose tis-
sue. All three PPARs form heterodimers with retinoid X receptor
(RXR), and these heterodimers regulate expression of their tar-
get genes by binding to specific consensus DNA sequences,
termed peroxisome proliferator-responsive elements (9,10).

Synthetic compounds that induce peroxisomal proliferation
in rodents and hypolipidemic agents such as clofibrate and WY-
14,643 have been shown to specifically bind to and activate
PPARα (11,12). Saturated (11,13,14) and unsaturated FA [EPA
(20:5n-3) and DHA (22:6n-3)] (11), branched-chain FA (15), and
some eicosanoids (11,16) are among the natural ligands for
PPARα. Unsaturated FA, 8(S )HETE, bezafibrate, eicosatet-
raynoic acid, and the synthetic compound GW501516 [2-
methyl-4-((4-methyl-2-(4-trifluoromethylphenyl)-1,3-thiazol-5-
yl)-methylsulfanyl)phenoxy-acetic acid] (12,17) bind to and ac-
tivate PPARδ. Antidiabetic compounds of the thiazolidinedione
class, a prostaglandin J2 metabolite, and some unsaturated FA
are PPARγ ligands (12,18–20).

Our group has been studying the effects and metabolism of 3-
thia FA for many years. The 3-thia FA are metabolized by ω-
oxidation followed by β-oxidation from the ω-end (21), and by
sulfur oxidation to sulfoxide by flavine-containing monooxyge-
nase (22). It has previously been shown that 3-thia FA deriva-
tives and some unsaturated α-methyl FA induce peroxisomal
β-oxidation in liver (23–25) and hepatoma cells (26). Further-
more, Madsen et al. (27) have published that tetradecylthioacetic
acid (TTA) is a stronger ligand for PPARα than for PPARδ and -γ.

Phytanic acid (3,7,11,15- tetramethylhexadecanoic acid) is a
branched-chain FA with one of its methyl groups in the β-posi-
tion and is present in ruminant fats and meat. It is primarily
degraded in peroxisomes by α-oxidation to pristanic acid
(2,6,10,14-tetramethylpentadecanoic acid), which is a branched-
chain FA with one of its methyl groups in the α-position. Zomer
et al. (15) have shown that pristanic acid is a better ligand for
PPARα than phytanic acid. Since branched-chain FA accumu-
late in a variety of inherited peroxisomal disorders (28,29), it is
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of interest to study the effects of these FA on activation of nu-
clear receptors.  

CLA are a group of positional and geometric isomers of
linoleic acid (18:2n-6) found in ruminant fat and dairy products
(30). The predominant isomers in food and commercial CLA
preparations are cis9,trans11 CLA (c9,t11 CLA) and
trans10,cis12 CLA (t10,c12 CLA) (30). In animal studies,
t10,c12 CLA has been shown to alter body composition by re-
ducing body fat mass and increasing lean body mass (31). We
showed that t10,c12 CLA prevents lipid accumulation in 3T3-
L1 adipocytes, in part by acting as a PPARγ modulator (32). Fur-
thermore, we recently showed that small structural changes in
the t10,c12 CLA molecule (changing from t10,c12 to t10,t12 or
introducing a methyl group in the α-position of t10,c12 CLA)
totally abolish the lipid preventive effect observed for t10,c12
CLA (33).

In light of the aforementioned studies, it is clear that small
changes in the molecular structure of FA have a great influence
on their ability to activate the different PPAR subtypes.

The aim of this study was to investigate whether increasing
the chain length and introducing an α-methyl group (Fig. 1) in
different FA and derivatives affect their activation of the three
PPAR subtypes. 

MATERIALS AND METHODS

Materials. Lipofectamine™, FBS, fungizone, and penicillin/
streptomycin were obtained from Invitrogen (Carlsbad, CA). Re-
porter Lysis buffer (Promega) was bought from AH Diagnostics
(Aarhus, Denmark). Hybond-N+-membranes and the Mega-
prime DNA labeling system kit were purchased from Amersham
Biosciences (Oslo, Norway). DMEM, Hams F10 medium,
Williams E-medium, and EPA were from Sigma. The two CLA
isomers (purity >90%) were gifts from Natural ASA (Hovde-
bygda, Norway); DHA (purity >90%) was a gift from Norsk
Hydro (Oslo, Norway). α-Methyl- and α-ethyl EPA were syn-
thesized as previously described (26). TTA was synthesized ac-
cording to Spydevold and Bremer (25). α-Methyl TTA was pre-
pared by the same procedure using thiolactic acid instead of
thioacetic acid. 

Synthesis of α-methyl FA. The NMR spectra were recorded in
CDCl3, with a Bruker Avance DPX 200 instrument or a Bruker
Avance DPX 300 instrument. The IR spectra were obtained with
a PerkinElmer 1310 IR spectrophotometer or a Nicolet Magna-
IR 550 spectrometer. Mass spectra were recorded at 70 eV with
a Fisons VG Pro spectrometer. All reactions were performed
under a nitrogen or argon atmosphere. 

(i) Esterification of CLA. To a solution of CLA (2.0 g, 7.1
mmol) in methanol (50 mL) was added one drop of concen-
trated H2SO4. The mixture was stirred overnight at room tem-
perature. Hexane and water were added. The aqueous phase
was collected and extracted with ether. The combined organic
phase was washed with brine and water and then dried
(MgSO4). Filtration and evaporation under reduced pressure
gave the methyl ester (2.1 g, 100%).

(ii) Methyl (9Z,11E)-octadecadienoate1. δH (300 MHz): 0.85
(3H, br t, J = 6.5 Hz), 1.20–1.50 (16H, m), 1.59 (2H, m),
2.00–2.20 (4H, m), 2.26 (2H, t, J = 7.5 Hz), 3.62 (3H, s),
5.20–5.35 (1H, m), 5.61 (1H, dt, J = 15.0 Hz, J = 7.0 Hz), 5.89
(1H, t, J = 10.9 Hz), 6.24 (1H, ddd, J = 15.0 Hz, J = 10.9 Hz, J =
1.1 Hz); δC (75 MHz): 13.99, 22.54, 24.84, 27.55, 28.84, 28.95,
29.02, 29.04, 29.31, 29.57, 31.67, 32.81, 33.97, 51.26, 125.51,
128.64, 129.73, 134.59, 174.09.

(iii) Methyl (10E,12Z)-octadecadienoate δH (300 MHz): 0.86
(3H, br t, J = 6.6 Hz), 1.20–1.50 (16H, m), 1.59 (2H, m),
2.00–2.20 (4H, m), 2.27 (2H, t, J = 7.6 Hz), 3.64 (3H, s), 5.27
(1H, dt, J = 10.9 Hz, J = 7.6 Hz), 5.62 (1H, dt, J = 15.0 Hz, J =
7.0 Hz), 5.91 (1H, t, J = 10.9 Hz), 6.26 (1H, ddd, J =15.0 Hz, J =
10.9 Hz, J = 1.1 Hz); δC (75 MHz): 14.02, 22.53, 24.91, 27.63,
29.11 (2 × CH2), 29.16, 29.26, 29.34, 29.39, 31.46, 32.83, 34.07,
51.38, 125.63, 128.55, 130.09, 134.53, 174.27.

Preparation of α-methyl acids. General procedure. The pro-
cedure is based on a literature procedure (26). Butyllithium (1.2
equiv, 1.6 M in hexane) was added dropwise to a stirred solution
of diisopropylamine (1.4 equiv) in dry THF (0.47 mmol/mL)
under argon at –20°C. The mixture was stirred at –78°C for 45
min before dropwise addition of the methyl ester (1.0 equiv) in
dry THF (0.17 mmol/mL). The mixture was stirred at –78°C for
30 min before addition of methyl iodide (1.6 equiv). The mix-
ture was allowed to warm to –20°C over 1.5 h. The mixture was
then poured into water, and the water phase was collected and
extracted with hexane. The combined organic phase was washed
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FIG. 1. Structural formulas of α-methyl tetradecylthioacetic acid (TTA),
α-methyl EPA, α-methyl DHA, α-methyl cis9,trans11 CLA, and α-
methyl trans10,cis12 CLA. 

1The NMR spectrum of methyl (9Z,11E)-octadecadienoate has been pub-
lished by Lie Ken Jie et al. (34–36). The spectral data for the olefinic protons
and in particular the coupling constants differ in all their publications. Other
published NMR spectra of the corresponding acid support our data (37,38).



with 1 M HCl, then water, and dried (MgSO4). Filtration and
evaporation under reduced pressure gave the ester. The α-methyl
ester (1.0 equiv) was dissolved in ethanol (0.23 mmol/mL) at
room temperature and added to a stirred solution of LiOH (7.4
equiv) in water (1.7 mmol/mL). The mixture was left stirring
overnight. Water and hexane were added, and the organic phase
was collected. The organic phase was washed with an aqueous
LiOH solution (1.5 M). The water phase was acidified with 5%
HCl to pH 2 and extracted with ether. The organic phase was
washed with brine, then water, and dried (MgSO4). Filtration and
evaporation gave the acids.

(i) 2-Methyl (9Z,11E)-octadecadienoic acid (α-methyl c9,t11
CLA. The 2-methyl (9Z,11E)-octadecadienoic acid was obtained
from methyl (9Z,11E)-octadecadienoate in 74% yield according
to the general procedure. νmax (film)/cm–1 2926, 2855, 1706; δH
(300 MHz): 0.86 (3H, br t, J = 6.7Hz), 1.15 (3H, d, J = 7.0 Hz),
1.20–1.50 (17H, m), 1.60–1.70 (1H, m), 2.00–2.20 (4H, m),
2.35–2.50 (1H, m), 5.20–5.35 (1H, m), 5.63 (1H, dt, J = 15.0 Hz,
J = 7.0 Hz), 5.92 (1H, t, J = 10.9 Hz), 6.27 (1H, ddd, J = 15.0
Hz, J = 10.9, Hz, J = 1.0 Hz ), 10.4–10.6 (1H, br s); δC (75
MHz): 14.07, 16.78, 22.60, 27.07, 27.62, 28.90, 29.04, 29.36
(2 × CH2), 29.64, 31.72, 32.87, 33.48, 39.35, 125.55, 128.68,
129.86, 134.73, 183.40; m/z (EI) 294 (M+, 63%), 95, 81, 67 (100)
[high-resolution MS (HRMS): found 294.255499. C19H34O2 re-
quires 294.255881].

(ii) 2-Methyl (10E,12Z)-octadecadienoic acid (α-methyl
t10,c12 CLA). The 2-methyl (10E,12Z)-octadecadienoic acid
was obtained from the methyl (10E,12Z)-octadecadienoate in
80% yield according to the general procedure. νmax (film)/cm–1

2925, 2854, 1705; δH (300 MHz): 0.87 (3H, br t, J = 6.8 Hz),
1.16 (3H, d, J = 7.0 Hz), 1.20–1.50 (17H, m), 1.60–1.70 (1H, m),
2.00–2.20 (4H, m), 2.35–2.50 (1H, m), 5.28 (1H, dt, J = 10.9 Hz,
J = 7.6 Hz), 5.63 (1H, dt, J = 15.0 Hz, J = 7.0 Hz), 5.92 (1H, t,
J = 10.9 Hz), 6.27 (1H, ddd, J = 15.0 Hz, J = 10.9 Hz, J = 1.0
Hz), 10.4–10.6 (1H, br s); δC (75 MHz): 14.03, 16.78, 22.54,
27.11, 27.65, 29.14, 29.29, 29.36, 29.41, 29.42, 31.47, 32.84,
33.48, 39.38, 125.65, 128.58, 130.08, 134.53, 183.60; m/z (EI)
294 (M+, 61%), 95, 81, 67 (100) (HRMS: found 294.254987.
C19H34O2 requires 294.255881).

(iii) 2-Methyldocosa-(all-Z)-4,7,10,13,16,19-hexaenoic acid
(α-methyl DHA). The α-methyl DHA was obtained from DHA
ethyl ester in 81% yield according to the general procedure, ex-
cept that THF (2 mL/mmol ester) was added in the hydrolysis to
increase the reaction rate. νmax (film)/cm–1 3013, 2966, 1708; δH
(300 MHz): 0.96 (3H, t, J = 7.5 Hz), 1.18 (3H, d, J = 6.8 Hz),
2.06 (2H, m), 2.20–2.30 (1H, m), 2.35–2.55 (2H, m), 2.75–2.95
(10H, m), 5.25–5.55 (12H, m); δC (75 MHz) 14.25, 16.34, 20.55,
25.53, 26.63, 30.90, 39.41, 126.32, 127.01, 127.87, 127.98,
128.08, 128.11, 128.23, 128.56, 130.26, 132.03 (10 × CH),
128.27 (2 × CH), 182.37; m/z (CI) 343 (M + 1, 1.65%), 215, 93
(100) (HRMS: found M + 1 343.262563. C23H35O2 requires
343.263706).

Cell cultures. COS-1 cells (ATCC no. CRL 1650) were cul-
tured in DMEM supplemented with L-glutamine (2 mM), peni-
cillin (50 U/mL), streptomycin (50 µg/mL), fungizone (2.5
µg/mL), and 10% inactivated FBS. The cells were incubated at
37°C in a humidified atmosphere of 5% CO2 and 95% air and

used for transient transfections. Every third day, the cells in
each flask were split into new flasks containing fresh media.

The establishment, cloning, and cell propagation of the 7800C1
Morris rat hepatoma cell line have been described by Richardson
et al. (39). Growth conditions were described earlier (24).

Transfection. pSG5-GAL4-PPARα, pSG5-GAL4-PPARδ,
and pSG5-GAL4-PPARγ chimera expression constructs contain-
ing the ligand-binding domain (LBD) of mouse PPARα, PPARδ,
and PPARγ and the (UAS)5-tk-LUC (where UAS = upstream ac-
tivating sequence and LUC = luciferase) reporter construct (Fig.
2) were generous gifts from Dr. Krister Bamberg (Astra Zeneca,
Mølndalen, Sweden). 

Cells (1.5 × 105 COS-1) were plated in 30-mm tissue dishes
(six-well plates), 1 d before transfection. Transient transfection
by lipofection was performed as described by Invitrogen (Carls-
bad, CA). Each well received 0.4 µg of the reporter construct
(UAS)5-tk-LUC, 0.8 µg pGL3-basic (Promega, Madison, WI),
and 0.04 µg pSG5-GAL4-PPARα, pSG5-GAL4-PPARδ, or
pSG5-GAL4-PPARγ. pGL3-basic, an empty vector, was added
to obtain the recommended amount of total DNA per well and
per µL Lipofectamine. Ligands or FA-free BSA (control) was
added to the media 5 h after transfection. FA stock solutions (6
mM) were made on FA-free BSA (2.4 mM), and stored frozen.
Unsaturated FA stock solutions were kept under argon to avoid
oxidation. Transfected cells were maintained for 24 h before lysis
by Reporter Lysis buffer. Binding of the FA to the LBD of PPAR
activates GAL4 binding to UAS, which in turn stimulates the tk
promoter to drive luciferase expression (Fig. 2). Luciferase ac-
tivity was measured using a luminometer (TD-20/20 luminome-
ter; Turner Designs, Sunnyvale, CA) and normalized against pro-
tein content. The PPARα and -γ constructs were used by our
group in an earlier study (32).    
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FIG. 2. Description of the transfection procedure. The ligand-binding
domain (LBD) of peroxisome proliferator-activated receptors (PPAR)α/δ/γ
was cloned together with GAL4 DNA-binding domain (DBD) into the
pSG5 vector (Stratagene, LaJolla, CA). GAL4 is a yeast activator that
controls the transcription of genes, and the regulation is exercised at the
upstream activating sequence (UAS). The SV40 promoter ascertains
transcription of the GAL4 DBD and PPAR LBD. Ligand binding to the
PPAR LBD activates GAL4 DBD in a way that promotes binding to a
UAS region on the reporter construct. Binding to the UAS region stimu-
lates the tk promoter to drive luciferase (LUC) expression and thus in-
creases the amounts of LUC enzyme. Up to five GAL4 DBD–PPAR LBD
dimers can bind to the reporter construct at the same time, as regulated
by the amount and affinity of the PPAR ligand. 



Protein content. Protein content was measured by the Bio-
Rad protein assay (Bio-Rad Laboratories, Hercules, CA). 

RNA extraction and Northern blot analysis. Total RNA from
7800C1 Morris hepatoma cells was extracted with Ultraspec (Ul-
traspec RNA, Biotecx Laboratories, Inc., Houston, TX). For
Northern analysis, the RNA samples (20 µg) were fractionated
in 1.5% formaldehyde agarose gel by electrophoresis, and then
transferred to nylon filters. The abundance of the transcript was
determined by Northern hybridization using a specific cDNA
probe for rat acyl CoA oxidase (ACO), rat liver-specific FA-
binding protein (L-FABP), and the ribosomal protein L27
(ATCC #107385). Probes were obtained by PCR using the fol-
lowing primers: ACO Fwd, 5′-cacgcaatagttctggctca-3′; ACO
Rev, 5′-gccattcgacattcttcgat-3′; L-FABP Fwd, 5′-tgggaaaggaaac-
ctcattg-3′; L-FABP Rev, 5′-gccttgtctaaattctcttgctg-3′. The cDNA
was labeled with (α-32P)dCTP using the Megaprime DNA la-
beling system kit. L27 was used as control for equal loading.  

Statistics. Results are presented as means ± SD. Significant
differences were evaluated by Student’s t-test, and the signifi-
cance level was set at P < 0.05.

RESULTS

Saturated FA with a sulfur atom in the β-position as activators of
PPARα and -γ. Transient transfections were done in COS-1 cells,
according to the description in the Materials and Methods section
and Figure 2. For the purpose of determining the most suitable
concentration of FA/derivatives, concentration curves were made
in the range of 1–100 µΜ. Based on these concentration curves,
10 and 50 µΜ were chosen as the most optimal concentrations
for activation of PPARα and -γ, respectively. We found that satu-
rated FA with sulfur in the β-position and increasing carbon chain
length from C9-S acetic acid (AcA) to C14-S AcA (= TTA), had
increasing effects as activators of the GAL4-PPARα and -γ
chimera in the transfection assay (Fig. 3). Seventeenfold activa-
tion of PPARα was observed with C14-S AcA, whereas deriva-
tives with chain lengths above C14-S AcA were poorer PPARα
activators (Fig. 3A). Furthermore, the C15-S – C18-S AcA were
stronger PPARγ-activators than C14-S AcA (sixfold activation)
with C16-S AcA having the strongest effect (increasing the acti-
vation 10-fold) (Fig. 3B). The sulfur-substituted FA were poor
activators of PPARδ, and we found no significant effect compared
with the control. The results are therefore not shown.

Palmitic acid derivatives with sulfur in the β-position and/or
α-methyl group, as activators of PPARα. Figure 4A shows that
adding a methyl group in the α-position of palmitic acid in-
creased its ligand-binding activity sevenfold, compared with
palmitic acid, at 50 µΜ concentration (P < 0.05). Palmitic acid
itself induced a twofold activation and seemed to be a poor acti-
vator of PPARα. Furthermore, C14-S AcA (= TTA), which cor-
responds to palmitic acid with an additional sulfur in the β-posi-
tion, was an even stronger PPARα activator than α-methyl
palmitic acid (P < 0.05 at 0.5, 1, and 10 µΜ). Finally, palmitic
acid with both an additional sulfur in the β-position and a methyl
group in the α-position (α-methyl TTA) was a significantly
stronger activator than TTA at concentrations of 0.5–50 µΜ

(P < 0.05). WY-14,643 was included in the test since it is a well-
known PPARα ligand. 

PUFA, with or without a methyl group in the α-position, as
activators of PPARα . Since saturated FA with a methyl group on
the α-carbon seemed to be stronger PPARα activators than the
parent FA, we wanted to see if the same effect could be obtained
by adding a methyl-group to the α-carbon of PUFA. α-Methyl
derivatives of EPA (20:5n-3) and DHA (22:6n-3) were made and
tested for their ability to activate the PPARα LBD in the trans-
fection assay in COS-1 cells. As with saturated FA, PUFA with
an α-methyl group activated PPARα more than the parent FA
(P < 0.05) (Fig. 4B). The concentration of FA and derivatives in
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FIG. 3. FA derivatives with a sulfur atom in the β-position and varying
chain length as activators of PPARα and PPARγ. COS-1 cells were tran-
siently transfected by lipofection with a chimeric receptor expression
plasmid, pSG5-GAL4-mPPARα (A) or -mPPARγ (B) and the reporter
plasmid (UAS)5-tk-LUC as described in the Materials and Methods sec-
tion and Figure 2. The cells were treated with FA derivatives: (A) 10 µM
or (B) 50 µM (10 µM BRL) for 24 h before cell harvesting. WY-14,643
and BRL 49653 were included since they are known activators of
PPARα and PPARγ, respectively. Luciferase/protein ratios are expressed
relative to luciferase/protein ratios in cotransfected cells stimulated with
vehicle (BSA) as control (Ctr). The results represent the means ± SD of
three experiments, each performed in triplicate. All derivatives activated
PPARα and PPARγ significantly more than the control (P < 0.05). BRL
49653, rosiglitazone; WY-14,643, pirinixic acid, also known as 4-
chloro-6-(2,3-xylidino)-2-pyrimidinylthioacetic acidd; AcA, acetic acid;
for other abbreviations see Figure 2.

PPARα

PPARγ



the cell medium was increased from 0.5 to a saturating level at
50 µΜ. At 50 µM the PPARα activation was increased from 3- to
22-fold for α-methyl EPA compared with EPA and from 4- to
11-fold for α-methyl DHA compared with DHA. EPA and DHA
and their α-methyl derivatives were tested as activators of
PPARδ and -γ in the same way as for PPARα. Both derivatives
were stronger activators of PPARδ and -γ than EPA and DHA,
but the effects were not as strong as for PPARα (data not shown).
EPA with an ethyl group in the α-position was made (26) and
tested as a PPARα activator. It activated PPARα with equal
strength as α-methyl EPA (data not shown).

In agreement with earlier studies, we found that c9,t11 CLA,
and t10,c12 CLA were relatively weak PPARα activators (32), but
c9,t11 CLA was a more efficacious PPARα activator than t10,c12
CLA (fivefold compared with twofold activation at 50 µΜ con-
centration). α-Methyl derivatives of the two CLA isomers were
found to be stronger activators of PPARα than the parent CLA
(P < 0.05) (Fig. 4C), with α-methyl c9,t11 CLA (23-fold activa-
tion) being a stronger activator than α-methyl t10,c12 CLA (19-
fold activation). However, both derivatives were much weaker
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FIG. 4. Effects of increasing concentrations of FA and FA derivatives on ac-
tivation of PPARα, compared with the known PPARα ligand, WY-14,643.
COS-1 cells were transiently transfected by lipofection with a chimeric re-
ceptor expression plasmid, pSG5-GAL4-mPPARα, and the reporter plasmid
(UAS)5-tk-LUC as described in the Materials and Methods section and Fig-
ure 2. The cells were treated with WY-14,643 (Wy) and (A) α-methyl
palmitic acid (αmPalm), palmitic acid (Palm), tetradecylthioacetic acid
(TTA), and α-methyl tetradecylthioacetic acid (αmTTA); (B) EPA, α-methyl
EPA (αmEPA), DHA, and α-methyl DHA (αmDHA); (C) cis9,trans11 CLA
(9,11), α-methyl cis9,trans11CLA (αm9,11), trans10,cis12 CLA (10,12), α-
methyl trans10,cis12CLA (αm10,12). Transfected cells were maintained for
24 h before harvesting. Luciferase activity was correlated to protein con-
centration. Results are presented as fold activation relative to luciferase/pro-
tein ratios in cotransfected cells stimulated with vehicle (BSA) as control
and given as mean ± SD of three experiments, each performed in triplicate.
One representative experiment is presented in A, B and C. Student’s t-test
was performed on the data, and an asterisk (*) indicates P < 0.05 for (A):
values that were judged statistically different from the corresponding values
in the immediately below curve (i.e., αmTTA vs. TTA, TTA vs. αmPalm,
and αmPalm vs. Palm); (B) and (C): PPARα activation by α methyl deriva-
tives significantly higher than PPARα activation by the unmethylated FA.

FIG. 5. Induction of PPARα-responsive genes. 7800C1 Morris hepatoma
cells were treated with 50 µM FA/FA derivative, whereas control cells
received BSA, for 24 h. RNA was extracted and applied (20 µg per lane)
to nylon filters by gel electrophoresis and blotting. Filters were hy-
bridized with 32P-labeled cDNA for acyl-CoA oxidase (ACO), liver-spe-
cific FA-binding protein (L-FABP), and the ribosomal protein L27. The
scans of the ACO and FABP mRNAs were calculated against scans of
the L27 bands, which were examined in the same samples and used as
a loading control. The values are presented relative to values obtained
from cells stimulated with vehicle (BSA) as control, and given as the
means ± SD of two experiments. Each experiment included two paral-
lels per treatment. *Significantly (P ≤ 0.05) different from the corre-
sponding unmethylated compound. For abbreviations see Figure 1. 



activators than WY-14,643 at low concentrations. Also for PPARγ,
the α-methyl CLA were found to be stronger PPARγ activators
than the natural CLA but much weaker activators than the known
PPARγ ligand, BRL 49653 (rosiglitazone) (data not shown). Be-
cause of the much lower effects of the derivatives as PPARγ acti-
vators compared with PPARα, we chose to focus on PPARα tar-
get genes in our next step in the present study. 

Effects on PPARα target genes. To verify our results from the
transfection studies in a more physiologic system, we tested the
effects of FA derivatives on PPARα target genes. For this exper-
iment 7800C1 Morris rat hepatoma cells were used. This cell line
was used extensively in our earlier studies on lipid metabolism
(24,25,40–43) and is well suited for this purpose. Rat and mouse
PPARα LBD have a high degree of homology (44). Since no
sign of toxic effects was observed at a ligand concentration of 50
µM in the medium, the cells were treated with 50 µM FA for 24
h, and gene expression of ACO and L-FABP were studied by
Northern hybridization. Figure 5 shows that all of the ligands in-
duced the transcription of the ACO-gene more than was obtained
with vehicle (BSA) only (control). α-Methyl TTA, α-methyl
EPA, and α-methyl DHA induced ACO gene expression more
than TTA, EPA, and DHA, respectively, although only α-methyl
TTA acted at a significant level (P ≤ 0.05). As for ACO, the ex-
pression of FABP was increased after treatment with TTA,
α-methyl TTA, α-methyl EPA, and α-methyl DHA, and the
methylated FA had stronger effects than the corresponding un-
methylated FA. However, no effect on transcription of the two
PPARα-target genes was found for the two α-methyl CLA de-
rivatives, compared with the parent FA and control (data not
shown). 

DISCUSSION

TTA is known to increase peroxisomal β-oxidation activity in
rat hepatocytes and hepatoma cells (25). It has been shown to be
a potent PPARα-ligand (11,14), inducing increased transcription
of several PPARα-target genes (42), and to induce peroxisomal
proliferation in rat liver cells (23,45). In this study we asked the
question: Will the effects of FA with sulfur in the β-position vary
with varying chain length? 

We found that increasing the carbon chain length increased
the luciferase activity in the transfection assays, indicating
stronger PPARα and -γ activators. The FA derivatives C13-S
AcA – C15-S AcA were the strongest PPARα activators, whereas
C16-S AcA was the strongest PPARγ activator. As a comparison,
feeding studies have shown that the activity and mRNA level of
the PPARα-responsive gene ACO increases as a function of
chain length of 3-thia FA, with the effect of the C12-, C13-, C14-,
and C15-S AcA being strongest (46,47). Xu and coworkers (14)
have shown in competition assays that saturated FA containing
12 carbon atoms or fewer were unable to interact with the three
PPARs. They also found that saturated FA with chain lengths
from 14 to 16 carbon units bind to PPARα, bind more weakly to
PPARδ, and fail to interact efficiently with PPARγ. Furthermore,
saturated FA with chain lengths of 20 or more carbon units failed
to bind well with any of the PPARs. These results correspond

well with our present results. Comparison of the values for
palmitic acid as a PPARα activator at 10 µΜ (Fig. 4A) (un-
changed luciferase activity) with C14-S AcA (TTA) in the same
figure (a 12× increase) shows that the sulfur-substituted FA are
stronger activators than the comparable unmodified saturated
FA. In studying the geometry and chemical composition of the
PPAR ligand-binding cavity, the reason why some FA are better
activators than others might be clearer: According to Cronet and
coworkers (48), the structure of PPARα LBD is very similar to
both PPARγ LBD and PPARδ LBD, about 60–65% identical.
EPA, which is a PPARδ ligand, has a hydrophilic head group that
forms hydrogen bonds to amino acids in the vicinity in the LBD
cavity. Its long hydrophobic tail forms interactions with hy-
drophobic amino acids in other parts of the ligand-binding cavity
(14). This could explain why shorter saturated FA do not acti-
vate PPARs, e.g., they cannot make sufficient hydrophobic in-
teractions required for stable ligand binding. Another feature
common to several of the peroxisome proliferators and PPARα
activators is an oxygen atom in the β-position (49) that enters
into hydrogen bond formation with a serine residue in the lig-
and- binding cavity (44). Both sulfur and oxygen atoms are
capable of making hydrogen bonds with serine; hence WY-
14,643, with a sulfur in the β-position, is a strong PPARα ligand
(5). In comparison, all of the thia FA in this study have a sulfur
in the β-position, which might explain the relatively strong acti-
vation compared with unmodified saturated FA.

Our next question was whether a methyl group in the α-posi-
tion of saturated or unsaturated FA would have any influence on
their properties as PPARα activators.  

We found that adding one methyl group to the α-carbon of
palmitic acid (= α-methyl palmitic acid) increased its PPARα
activation significantly. Adding a sulfur in the β-position of
palmitic acid (= TTA) increased the activation even more, and
TTA had a significantly stronger effect than α-methyl palmitic
acid. Introducing both an α-methyl group and a β-sulfur (= α-
methyl TTA) increased the activation even further and signifi-
cantly more than TTA. We also found that α-methylation of
PUFA made them into stronger PPARα activators. The same ef-
fect is observed by moving a methyl group from a β- to an α-
position of naturally occurring branched-chain FA such as phy-
tanic and pristanic acid (15). As a comparison, clofibric acid and
several other compounds known as strong peroxisome prolifera-
tors and PPARα activators also can be seen as carboxylic acids
with one or two α-methyl group(s) (49). Altogether, our studies
and studies by others might suggest the presence of a pocket for
methyl groups as well as flexibility in the PPARα ligand-binding
cavity, close to the binding site for the carboxylic group.  

According to these hypotheses, α-methyl TTA fulfills the
three criteria of having the required chain length, a sulfur that
can make a hydrogen bond with the serine residue, and a methyl
group that fits into the suggested pocket in the LBD of PPARα.
α-Methyl TTA was found to be the strongest PPARα activator
in this study next to WY-14,643. 

In agreement with our results showing increased PPARα
activation, α-methyl TTA, α-methyl EPA, and α-methyl DHA
also showed increased mRNA levels of the PPARα target genes
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ACO and L-FABP in 7800C1 Morris hepatoma cells. This cor-
responds well with our earlier in vitro studies, which showed that
α-methyl EPA is incorporated into cell phospholipids and in-
creases ACO activity in hepatoma cells more than EPA (26). To
our knowledge, the effects of α-methyl DHA have not been stud-
ied before. The increased transcription of ACO by TTA, α-
methyl TTA, EPA, α-methyl EPA, DHA, and α-methyl DHA
compared with the control may indicate increased β-oxidation of
FA. Also, in feeding experiments, α-methyl TTA is a stronger
inducer of ACO than TTA (50). Earlier studies showed that TTA
decreases serum TG and cholesterol concentrations in animals
fed this derivative (51–53). Others have shown that α-methyl
EPA decreases plasma TG values more than EPA when given to
rats (54). α-Methyl EPA is also a stronger inhibitor of platelet
aggregation than EPA, both in vitro (26) and in vivo (54). 

In addition, we found that α-methyl EPA, α-methyl DHA,
and α-methyl TTA increased the expression of L-FABP more
than EPA, DHA, and TTA, respectively. L-FABP is a cytosolic
protein that binds endogenous FA, including branched-chain FA
(55) and long-chain PUFA (56). This protein is involved in the
uptake and intracellular transport of FA to either peroxisomal
membranes or to the nucleus (57) for activation of PPARs (58).
Furthermore, phytanic acid is a transcriptional activator of L-
FABP expression, and this effect is mediated by PPARα (55). 

The α-methyl CLA did not increase the mRNA for the same
two PPARα target genes. This indicates that PPAR activators do
not always induce the transcription of PPAR-responsive genes.
Coactivators and corepressors play important roles in the regula-
tion of transcription and may be differently recruited by various
PPAR activators (59,60). Also, the regulation of PPAR target
genes in lipid homeostasis is likely to be the consequence of a
complex interplay among multiple PPAR and RXR isoforms and
the ligands to these receptors (4,9,10). Prohibition of the dimer-
ization by different ligands will prevent transcription of the
PPARα target genes. Further, the α-methyl CLA might be an-
tagonists, occupying the LBD and preventing transcription of
ACO and L-FABP. Finally, we also speculate on the probability
that the metabolism of these derivatives in 7800C1 Morris hepa-
toma cells may be different from the metabolism of the other
derivatives used in this study.

The delayed catabolism of 3-thia FA and α-methyl FA may
contribute to the increased effects of these FA derivatives com-
pared with their unmodified counterparts, as shown in this paper.
The degradation of FA differs according to their chemistry. Satu-
rated and unsaturated straight-chain FA with a chain length of
4–20 carbon atoms are β-oxidized in mitochondria, whereas
longer FA (C20–C24) have to be chain-shortened by β-oxidation
in peroxisomes. Introduction of a methyl group in the α-position
of FA is sufficient to decrease its β-oxidation in mitochondria
(61), leading to peroxisomal oxidation by a specific noninducible
branched-chain fatty acyl-CoA oxidase (62). Substituting a sul-
fur atom at the β-position in the carbon chain of a saturated FA
prevents normal β-oxidation of the FA derivative. In addition to
decreased or altered metabolism, it also remains possible that
these compounds have altered affinity for serum- or intracellular
binding proteins, which in turn might influence their PPARα ac-
tivation. 

In conclusion, saturated FA with sulfur in the β-position and
increasing carbon chain length until C14-S acetic acid have in-
creasing effects as activators of PPARα and -γ in transfection as-
says. Furthermore, α-methyl FA derivatives of the saturated nat-
ural FA palmitic acid, the sulfur-substituted FA TTA, and PUFA
(EPA, DHA, c9,t11 CLA, and t10,c12 CLA) are stronger PPARα
activators than the unmethylated compounds. 
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ABSTRACT: Cyclosporine A (CsA), a common immunosuppres-
sive agent, produces hyperlipidemia and apolipoprotein profile
alterations in plasma as well as neurological and psychiatric com-
plications. In rats, 10 mg CsA/kg/d treatments for 3 wk induce al-
terations of the electroencephalogram, and of the blood and brain
lipids. Using this model, we evaluated whether triacylglycerol
(TG)- and lecithin (PC)-enriched diets, reported to decrease
epileptic episodes (TG) and to improve memory, could modify
the effects of CsA treatment on brain lipids and possibly change
apolipoprotein (apo) E and apoJ gene expression. To evaluate this
hypothesis, three groups of rats were treated for 3 wk with CsA
and received a low-fat, PC, or TG diet. Three other groups were
fed the above-mentioned diets and were treated with the CsA sol-
vent. As a control, one group was fed only the low-fat diet. The
CsA-mediated decreases in brain cholesterol and PC contents,
under a low-fat diet, were eliminated by the TG and PC diets.
These high-fat diets induced a global increase in hippocampal
transcriptional activity, as revealed by elevated polyadenylated
RNA levels. The apoE and apoJ mRNA levels in the cortex and
hippocampus of rats receiving the solvent were not statistically
different between the TG- and PC-enriched diets but showed im-
portant variations compared with the low-fat diet solvent-treated
group. A differential effect between the two high-fat diets was ob-
served in the hippocampus, resulting in a significant increase of
the apoE to apoJ ratio with the PC diet. The balance between
apoE and apoJ is presumed to be important in encephalopathic
mechanisms, by its involvement through low levels of brain cho-
lesterol and PC, that might be associated with mental disorders.
Our results therefore suggest that diet enrichment with polyunsat-
urated fat might be beneficial during CsA therapy. However, if
the high levels in PC used here are more beneficial on CsA pe-
ripheral side effects than similar enrichment in TG, this does not
seem to be the case in the brain. Thus, lower levels in PC should
be tested.

Paper no. L9375 in Lipids 40, 59–67 (January 2005).

Cyclosporine A (CsA), a potent immunosuppressive drug, is
used in the treatment of autoimmune disorders (1) and after
transplantation. However, a number of side effects occur quite
often (2,3). Hepatic and renal dysfunction are the most fre-
quent, but neurological and psychiatric complications are de-
scribed as well (4–8). Seizures, memory and mood impair-
ments, or psychotic episodes (4,7) are reported and are proba-
bly related to a drug accumulation in the brain. Such
accumulation results from a combination of several types of
CsA-mediated tissue, cellular, and molecular alterations
(9–12). At the blood–brain barrier level, vascular injuries asso-
ciated with anatomic disruption (9) and a decrease in the ex-
pression of the P-glycoprotein have been described in patients
(10) and in CsA-treated rodents (12). Some neuropathological
symptoms seen in patients were reproduced in rats, such as pre-
epileptic alterations of the electroencephalograms (EEG) pre-
viously reported after 2 wk of treatment (13). The rat model
therefore provided the opportunity to characterize the cellular
and molecular events associated with CsA-mediated neurolog-
ical dysfunction. Accumulation of phosphorylated neurofila-
ments was observed in rats exposed to CsA (14). The pre-
epileptic alterations of the EEG and the accumulation of insol-
uble material as neurofilaments are typical features in latent
epilepsy and Alzheimer’s disease, respectively, and are pre-
sumed to be related to the neuropathology observed (15,16).
Nevertheless, even if the expected similarities with the animal
model of Alzheimer’s disease and epilepsy at the level of
apolipoprotein expression have not yet been described
(15,17–19), the observed alterations in brain lipid content sug-
gest that some neuropathological mechanisms might be analo-
gous between CsA-induced mental disorders and several
human neurological or mental disorders (i.e., Alzheimer’s,
memory loss, depression, and suicide). Such changes have
been suggested to be associated with decreases in brain choles-
terol and abnormalities of lipid metabolism (20–22). Vegetable
n-6 polyunsaturated soybean lecithin (phosphatidylcholine:
PC), rich in n-6 PUFA, seems to be a suitable dietary supple-
ment during immunosuppressive treatment with CsA since it
has been shown to reduce hypercholesterolemia (23), as well as
to improve memory and possibly Alzheimer’s deficits (24–27).
Dietary triacyglycerol (TG) supplements have no positive effect
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on blood cholesterol in rats, but have also been shown to im-
prove learning (28). In addition, the major known effect of di-
etary TG consists of positive effects on brain excitability used
as “ketogenic diets” since the 1920s to decrease seizure fre-
quency in refractory childhood epilepsy (29,30). Thus, we hy-
pothesized in the present work that the content in the brain of
unesterified cholesterol and PC, seen to be altered following
CsA treatment, could be restored by an appropriate lipid en-
richment of the diet, which might be helpful in preventing CsA-
mediated neurological side effects.

MATERIALS AND METHODS

Animals. Male Wistar rats (255 ± 10 g) were fed low- or high-
fat diets for 3 wk (Table 1). The daily dietary intakes were
isoenergetic (390 kJ/d for high-fat diets and 380 kJ/d for the
standard low-fat diet). Animals were divided into seven groups,
each group comprising six rats. They received care in compli-
ance with the guidelines of the Animal Research Committee
(INSERM guidelines, approved by the Minister of Agriculture
no. 107 150). One group did not receive any treatment and was
fed the standard low-fat diet (control group C). Daily intraperi-
toneal injections (200 µL/kg/d) were performed for 3 wk in the
six other groups fed either the low-fat diet, or high-fat diets
consisting of either a 20% enriched soybean TG diet (TG
group) or a 20% enriched soybean PC diet (PC group). The
fatty acid (FA) composition was similar in the TG and PC
groups: In both high-fat diets, the levels of the main FA were
as follows (molar percentage): palmitic acid, 11.3%; oleic acid,
18.0%; linoleic acid, 59.0%; α-linolenic acid, 7.7%. In addi-
tion, the high-fat diets had a lower content of carbohydrates
compared with the C group (starch, 140 and 240 g/kg; sucrose,
123 and 183 g/kg in the high-fat and C groups, respectively).
Half of the treated animals received only a volume of the CsA
solvent (S group), a sixfold dilution of Cremophor in 0.9%
NaCl (Novartis, Rueil Malmaison, France). The other half re-

ceived the same volume with 10 mg/kg/d of CsA (Novartis).
After the 3-wk period, rats were anesthetized after an overnight
fast by an intramuscular injection containing 20 mg/kg xy-
lazine (Rompun; Bayer, Puteaux, France) and 15 mg/kg keta-
mine (Imalgène; Rhône Merieux, Lyon, France). Plasma and
brain were recovered and stored at −80°C.

RNA analysis. Brains were thawed in ice-cold 0.12 M PBS,
(pH 7.4) and dissected on ice. Cortices and hippocampi of each
animal were weighed and homogenized separately in the
amount of tri-instapur solution indicated by the supplier in
order to have identical conditions of RNA extraction (Eurogen-
tec, Seraing Belgium). A reliable polyadenylated RNA (poly
A+) quantitative assay was used to assess the transcriptional
activity in the cortex and the hippocampus of each animal in
relation to possible effects of the treatments. The preparations
of total RNA were used for dot blot analysis as described pre-
viously (31). Briefly, they were denatured in 150 µL of 20×
SSC (standard sodium citrate 1× = 0.15 M NaCl/0.015 M
sodium citrate, pH 7.2) for 5 min at 70°C and dot blotted under
vacuum in a dot blot apparatus (Schleicher and Schuell, Keene,
NH); the 150 ng (for polyA+ dosage) or 1200 ng [for
apolipoprotein (ApoE) and apoJ mRNA quantifications) of
total RNA loaded on the membrane was fixed at 80°C for 1 h.
RNA dots prehybridized (TechneHybridiser HB-ID) at 45°C
for 2 h in a phosphate hybridization buffer containing 250 mM
Na2HPO4, 7% SDS, and 1% BSA fraction V, at pH 6.5, were
then hybridized following removal of the used prehybridiza-
tion solution in a solution containing the same ingredients plus
5 × 106 cpm/mL of the radioactive probe [or 10 ×106 cpm/mL
in the case of the oligodeoxythymidyl (oligodT) probe, to have
the appropriate molecular concentration]. Following overnight
hybridization, membranes were washed twice at room temper-
ature for 30 min in 250 mM Na2HPO4 and 1% SDS, and once
at 45°C in 250 mM Na2HPO4 and 0.1% SDS. Autoradiograms
of the membranes were obtained at different times of exposure
to control for linearity with a standard liver mRNA loaded at
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TABLE 1
Experimental Design 

IP injection Diets

CsAb Solventc Standard dietd Soybean TG diete Soybean PCf diet

Groupa (µL/kg/d) (µL/kg/d) (UAR no. AO4, 4% total lipids) (20% total lipids) (20% total lipids)

C 40 g/d
S 200 40 g/d
TG-S 200 25 g/d
PC-S 200 25 g/d
CsA 200 40 g/d
TG-CsA 200 25 g/d
PC-CsA 200 25 g/d
aC, naive control rats; S, solvent-treated rats; CsA, cyclosporine A (CsA)-treated rats; TG-S, triacylglycerol (TG)-enriched
diet plus S-treated rats; TG-CsA, TG-enriched diet plus CsA-treated rats; PC-S, lecithin (PC)-enriched diet plus S-treated
rats; PC-CsA, PC-enriched diet plus CsA-treated rats. 
b10 mg/200 µL of CsA (Sandoz-Novartis, Rueil Malmaison, France). CsA was diluted  by sixfold with 0.9% NaCl.
cThe solvent of CsA was supplied by Sandoz; Cremophor containing ethanol, castor oil, and nitrogen was diluted sixfold in
0.9% NaCl. 
dUAR (Villemoisson-sur-Orge, France).
eSociété Française des oléagineux (St Laurent Blangy, France). 
fEpikuron 200, containing more than 92% of purified soybean PC (Lucas Meyer, Chelles, France). 



various concentrations. Optical density (O.D.) of each dot on
the autoradiogram signals corresponding to total RNA from rat
cerebral cortex or hippocampus and to a control dot allowed us
to quantify the levels of expression of the mRNA species
specifically hybridized with the labeled oligomeric sequence.
For quantification of the poly A+, negative hybridization con-
trols were made using various amounts of a mix containing
rRNA and tRNA. No signal was detected up to 20 µg, an
amount about 100 times above the amounts loaded on the ex-
perimental dots containing only a natural abundance of these
RNA species. Densitometric measurements were obtained
using Image 1.36 MacintoshII software (Wayne Rasband, Na-
tional Institute of Mental Health, Bethesda, MD) following cal-
ibration with Kodak calibration step tablet 809ST601 as a stan-
dard. Unsaturated autoradiograms were measured from three
independent hybridization experiments.

Synthesis and labeling of the probes. The oligodT template
(19–24 mer) was purchased from Pharmacia (Piscataway, NJ).
Oligomers used to probe apoE and apoJ mRNA species were
customized by Eurogentec. Rat sequences for these messen-
gers were obtained through Genbank (accession numbers
J00705 and X13231, respectively, for apoE and apoJ). Oligonu-
cleotide sequences were controlled for specificity and sec-
ondary structure using Oligo r 4.03 (primer analysis software;
National Biosciences Inc., Plymouth, MN). ApoE and apoJ
probes were complementary to the coding sequences from nu-
cleotide 518 to 552 and from nucleotide 449 to 476, respec-
tively.

The labeling of the probes was performed at 37°C using 50
units of terminal deoxytransferase (Eurogentec) (or 100 units
for the oligodT probe) and 50 µCi (or 120 mCi for the oligodT
probe) of 32P dTTP (800 Ci/mmol; Amersham, Les Ulis,
France). The 50-µL reaction mixture containing 10 pmol of
oligomer (or 15 pmol of oligodT template, and 4 pmol of cold
dTTP) was incubated for 20 min (or overnight in the case of
the oligodT probe). The probes obtained were either tailed with
an average of 4 to 8 nucleotides for the specific messenger
probes or with an average of 20 to 30 nucleotides for the
oligodT probe as seen on a 15% acrylamide gel.

Protein assay. The dosage of the plasmatic and brain pro-
tein contents was determined with a Pierce kit (Rockford, IL).

Lipid assays. TG concentrations were evaluated by the en-
zymatic method of Fossati and Prencipe (32); total and unes-
terified cholesterol, respectively, were measured by the enzy-
matic methods of Siedel et al. (33) and Stähler et al. (34); and
PC was measured by an enzymatic method based on the pres-
ence of the choline moiety (35). Serum was used directly, and
brain lipids were extracted by the method of Folch et al (36).

Analysis of plasmatic biological markers. Blood samples
were taken at sacrifice after an overnight fast. Using the enzy-
matic assay described by Ziegenhorn et al. (37), the glucose
level in each rat plasma was measured, as were the plasma ac-
tivities of glutamic oxaloacetate transaminase and glutamic
pyruvate transaminase (38). Plasma urea and uric acid concen-
trations were also measured with Boehringer kits (Boehringer,
Paris, France). 

The Anionic Peptide Factor (APF) was purified from rat
HDL3 isolated by sequential ultracentrifugation at density 1.21
and tangential ultracentrifugation (Filtron, Coignières, France).
The supernatant was processed successively through 100–10-
kDa hydrophobic membranes. Using the purified 7-kDa APF,
ELISA assays were performed with a polyclonal antibody (MD
94) from immunized rabbits and a monoclonal antibody (MAB
32) from Balb/c mice. These two antibodies had been charac-
terized previously and did not cross-react with apoA-I. The de-
terminations of APF concentrations in the samples were of two
types: (i) an ELISA with direct antigen binding, and (ii) an
ELISA with competitive antigen displacement as described
previously (39). The standard curve allowed us to detect APF
concentrations ranging from 0.2 to 5 µg/mL.

Statistical analysis. All the results are expressed as the arith-
metical means of each group with their SE. Significance was
analyzed by a one-way ANOVA, and the differences between
groups were evaluated according to Fisher’s test at P < 0.05.
All calculations were performed using StatViewTM SE and
Graphics (Abacus Concepts, Inc., Berkeley, CA; version 19 for
Macintosh computer).

RESULTS

Plasma analysis. (i) Biological markers for peripheral dysfunc-
tions. Blood urea was significantly increased by CsA. A com-
parison between the S groups and the corresponding CsA-
treated groups showed increases of 65, 40, and 91% (P < 0.01),
respectively, in the low-fat, TG-enriched, and PC-enriched diet
groups (Table 2). Uremic response was more limited with the
TG-enriched diet, and the levels were not significantly higher
than those measured in naïve C group rats. None of the CsA-
treated groups had uremia levels indicating serious renal fail-
ure or damage, and there was no pathological risk to the brain
or other organs.

None of the rats treated with CsA showed increases in
transaminase blood activities (Table 2). Thus, there was no
CsA-mediated liver cytotoxicity in any experimental groups.
Hypoglycemia, which might have increased the encephalo-
pathic mechanism (40,41), was not observed. Following one
night of fasting, glycemia was higher in animals fed the TG-
enriched diet (groups TG-S and TG-CsA) than in the other
groups; however, this diet effect was moderate and the values
remained in the physiological range.

(ii) Lipidemia. On the low-fat diets (groups C, S, and CsA),
plasma TG, total cholesterol, and unesterified cholesterol were
significantly increased in the group treated with CsA (Table 2).
However, as previously reported (17), the plasma unesterified
cholesterol was already increased by the solvent, whereas the
other blood lipids were selectively increased by CsA. A signifi-
cant (P < 0.05) 1.6-fold increase in the ratio of unesterified to
total cholesterol blood content (Table 2) was found in both the
solvent and the CsA groups fed the low-fat diet. Feeding the rats
a TG- or PC-enriched diet (groups TG-S and PC-S) eliminated
the solvent-mediated increase of the unesterified to total choles-
terol ratio. Concomitantly, the TG- and PC-enriched diets
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induced increases in total cholesterolemia of 18 (P < 0.05) and
34% (P < 0.05), respectively, without a parallel increase in the
unesterified cholesterol plasma level in the TG-enriched diet,
whereas in the PC-fed group, a 20% (P < 0.05) increase in the
unesterified cholesterol level was also measured (Table 2). Con-
cerning selective CsA-mediated increases in the concentrations
of plasma total cholesterol and TG seen in the low-fat-fed rats,
we observed that only the TG-enriched diet countered this drug
effect. With the PC-enriched diet, the CsA-mediated increase in
TG plasma levels was still observed, reaching 74% (P < 0.05)
(Table 2). To further analyze the beneficial or detrimental aspects
of lipidemia alterations observed in the various experimental
groups, we measured the 7-kDa APF. This peptide was described
previously as a minor apolipoprotein in HDL (HDL3). With a
low-fat diet, we observed an important solvent-mediated de-
crease in APF (Table 2). The two high-fat diets, and particularly
the PC diet, drastically increased the plasma APF level. No
change in the APF level was observed when the CsA treatment
was added to the TG-enriched diet (group TG-CsA), whereas the
APF level was significantly lowered by CsA in the PC-fed group.
However, in this last group (group PC-CsA), the APF level re-
mained significantly higher than in the two other CsA-treated
groups (groups CsA and TG-CsA), and it was still significantly
above the levels measured in the C group.

Brain lipid concentrations. Brain unesterified cholesterol
levels were significantly higher in the groups fed high-fat diets
(groups TG-S and PC-S) compared with the low-fat diet (group
S) (Table 3); the TG- and PC-enriched diets produced increases
of 25% (P < 0.01) and 16% (P < 0.05), respectively (Table 3).
With the CsA-treatment, brain unesterified cholesterol re-
mained above normal in rats fed the high-fat diets. There was a
maximal effect of CsA with the low-fat diet, on the concentra-
tion of brain unesterified cholesterol inducing significantly

lower levels than normal. The effect was limited with the TG-
enriched diet, inducing a 12% decrease compared with the S
group fed the TG diet, and there was no effect with the PC-
enriched diet (Table 3). The levels in the TG- and PC-fed
groups were not significantly different.

TG were present at low concentrations in the brain. Their
levels were unchanged in the CsA group fed the low-fat diet
compared with the S group. When rats were fed the TG- and
the PC-enriched diets, significant increases in brain TG levels
were measured, reaching 54 and 31%, respectively, compared
with the S group fed the low-fat diet. CsA administration sig-
nificantly reduced the effect of the TG diet on the brain TG lev-
els, whereas it had no effect when applied with the PC-enriched
diet. A comparison of brain TG levels in the three groups
treated with CsA showed that the two high-fat-fed groups had
significantly higher brain TG levels.

As previously reported with a low-fat diet, the brain levels
of PC in both the CsA and S groups showed a significant drug-
related decrease. In the TG and PC groups receiving the sol-
vent, the brain PC levels showed significant increases (by 54
and 17%, respectively) compared with the S group fed a low-
fat diet. When the CsA treatment was applied to high-fat-fed
animals, a lowering effect on brain PC was observed only in
the TG-enriched diet group. In spite of this 23% decrease (P <
0.01), the PC levels remained 18% above the levels measured
in the C group and 48% above the levels measured in the low-
fat CsA-treated group. In the PC-enriched diet-fed group
treated with CsA, the PC levels were 31% (P < 0.05) above the
control, 54% above the levels measured in the CsA-treated
group fed a low-fat diet, and 10% above the levels measured in
the CsA-treated group fed a TG-enriched diet (Table 2). 

Cortical and hippocampal global transcription. There were
no significant differences in the cortical transcriptional steady
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TABLE 2
Effect of CsA and Its Solvent on Plasmatic Parameters in Rats Fed a Low- or High-Fat Dieta

Control Solvent CsA

Low-fat diet Low-fat diet High-fat diet Low-fat diet High-fat diet

C S TG-S PC-S CsA TG-CsA PC-CsA

Glu mmol/Lb 13.8 ± 0.7 15.5 ± 0.7 21.8 ± 2.0d,f 14.0 ± 0.6 14.6 ± 1.1 21.5 ± 2.2g,i 12.6 ± 0.5
Urea mmol/L 8.6 ± 0.3 7.3 ± 0.2 7.5 ± 0.5 6.7 ± 0.4 12.1 ± 0.3b,c 10.5 ± 0.6g,i,j 12.8 ± 0.9k

Uric acid mmol/L 89.6 ± 8.1 45.4 ± 3.2a 79.8 ± 10.3d 63.7 ± 5.3 59.6 ± 6.4b 85.1 ± 9.9g,i 38.8 ± 3.6k

GPT IU/L 54.4 ± 6.1 51.0 ± 5.0 45.5 ± 3.0 40.8 ± 4.8 41.1 ± 5.0 60.6 ± 7.3g,i 26.1 ± 2.7h,k

GOT IU/L 152.9 ± 10.5 140.8 ± 14.7 191.8 ± 17.3d,f 149.5 ± 10.3 149.1 ± 12.9 151.1 ± 13.3j 125.9 ± 4.9
Protein g/L 55.3 ± 0.9 54.8 ± 0.6 51.4 ± 0.9d 50.0 ± 0.5e 52.8 ± 0.6b 51.4 ± 0.9g,i 47.4 ± 0.5h,k

APF µg/mL 5.60 ± 0.76 1.06 ± 0.06a 8.02 ± 1.02d,f 12.78 ± 0.90e 3.17 ± 0.51b 7.59 ± 0.66g,i 10.94 ± 0.74h

TC mmol/Lb 1.23 ± 0.05 1.34 ± 0.05 1.62 ± 0.09d,f 2.04 ± 0.07e 1.64 ± 0.08b,c 1.59 ± 0.14i 2.25 ± 0.13h

EC mmol/L 1.01 ± 0.04 0.97 ± 0.04 1.30 ± 0.08d,f 1.58 ± 0.05e 1.19 ± 0.06c 1.27 ± 0.11i 1.70 ± 0.09h

UC mmol/L 0.21 ± 0.02 0.37 ± 0.02a 0.32 ± 0.04 0.47 ± 0.02e 0.46 ± 0.02b 0.32 ± 0.03g 0.55 ± 0.04h,i

UC/TC mol/mol 0.17 ± 0.02 0.28 ± 0.01a 0.20 ± 0.02d 0.23 ± 0.01e 0.28 ± 0.01b 0.20 ± 0.004g,i 0.24 ± 0.01h

TG mmol/Lb 0.51 ± 0.06 0.47 ± 0.05 0.68 ± 0.11 0.61 ± 0.08 1.03 ± 0.10b,c 0.60 ± 0.10g 1.06 ± 0.10i,k

aComparisons were made between the seven animal groups comprising the control group (C) of unlabeled animals, and the experimental groups receiving
either 10 mg/kg/d of CsA or the CsA solvents with a low-fat or a TG- or PC-enriched diet. Results are expressed as means ± SE (n = 10 in groups C, S, and
CSA; n = 8 in groups TG-S, TG-CsA, PC-S, and PC-CsA). Glu, glucose; GPT, glutamic pyruvate transaminase; GOT, glutamic oxaloacetate transaminase; TC,
total cholesterol; EC, esterified cholesterol; UC, unesterified cholesterol; APF, Anionic Peptide Factor; for other abbreviations see Table 1. Significance of the
data was evaluated by Fisher’s test. The presence of a superscript lowercase letter after the values given for an experimental group indicates statistical signifi-
cance of at least P < 0.05. The letters correspond to the following comparisons: aC vs. S; bC vs. CsA; cS vs. CsA; dS vs. TG-S; eS vs. PC-S; fTG-S vs. PC-S; gCsA
vs. TG-CsA; hCsA vs. PC-CsA; iTG-CsA vs. PC-CsA; jTG-S vs. TG-CsA; kPC-S vs. PC-CsA.
bTo convert mmol/L to mg/L, multiply Glu by 18, TC by 38.6, and TG by 88.5.



state between the different groups. In contrast, in the hippocam-
pus, the transcriptional activities in the two TG groups receiv-
ing either solvent or CsA were, respectively, 48% and 56.5%
(P < 0.05) above the activity measured in the C group. In all
CsA-treated groups, increases in the transcriptional level were
measured, and this effect in the PC-fed group brought the hip-
pocampus polyA+ level up to 30% (P < 0.05) above basal lev-
els (data described only in the text).

ApoE gene expression. Significant treatment-dependent al-
terations of transcriptional activity were observed; therefore, it
was more appropriate to evaluate the concentration of apoE
mRNA species in the cortex and hippocampus using known
values of the polyA+ RNA loaded for each preparation. 

In the cortex, and even more so in the hippocampus, the ef-
fect of CsA on apoE gene expression was clearly dependent on
the lipid contents of the diets. In rats fed the low-fat diet, there
was no CsA-mediated alteration in apoE mRNA levels,
whereas for the high-fat-fed rats, CsA influenced the regula-
tion of apoE mRNA levels (Table 4). The latter were already
modified by the TG-enriched diet, which had minor and oppo-
site effects on the cortical and hippocampal apoE mRNA lev-
els. In the S groups, the TG diet induced a nonsignificant in-
crease of 17.5% and a decrease of 15%, respectively, in these
brain areas, compared with the low-fat-fed rats. The CsA treat-
ment applied with the TG-enriched diet nullified these effects,

mediating a significant (33%) cortical decrease and a 32% hip-
pocampal increase in apoE mRNA expression. Compared with
the TG-enriched diet, the PC-enriched diet produced a minor
increase in cortical apoE gene expression (15%; nonsignificant)
but had a much greater effect on hippocampal apoE mRNA
levels, producing a decrease of 55%. When CsA treatment was
applied with the PC-enriched diet, a cortical decrease was ob-
served, but it did not reach significance (22%). In the hip-
pocampus, a major CsA-mediated increase (51%) was mea-
sured, restoring the apoE mRNA to basal levels (Table 4).

Cortical and hippocampal apoJ gene expression. Compared
with the low-fat diet, the TG-enriched diet group showed a sig-
nificant (29%) increase in cortical apoJ mRNA expression and
a significant (51%) decrease in hippocampal apoJ expression.
Enrichment of the diet with PC produced a significant (34%)
increase in cortical apoJ mRNA levels and a nonsignificant
(29%) decrease in hippocampal levels (Table 4).

Compared with the rats fed the TG-enriched diet (group
TG-S) or an PC-enriched diet (group PC-S), the rats receiving
CsA with these two diets showed a drop in cortical apoJ mRNA
expression: −45% (P < 0.01) and −42% (P < 0.01) for the TG-
and PC-fed groups, respectively. In the hippocampus, the ef-
fects of the TG-enriched diets were eliminated by the drug
treatment (cf. groups TG-S vs. TG-CsA), and a CsA-mediated
increase in apoJ mRNA hippocampal expression was observed:
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TABLE 3
Effect of CsA and Its Solvent on Brain Lipids in Rats Fed a Low- or High-Fat Dieta

Control Solvent CsA

Low-fat diet Low-fat diet High-fat diet Low-fat diet High-fat diet

C S TG-S PC-S CsA TG-CsA PC-CsA

TG nmol/mg protein 30.0 ± 4.7 30.8 ± 2.2 47.5 ± 3.7c 40.3 ± 2.1 26.7 ± 1.4 37.5 ± 2.0d 36.1 ± 2.9f

UC nmol/mg protein 691.7 ± 53.7 627.6 ± 36.4 784.1 ± 36.8c 731.8 ± 55.1 554.6 ± 27.7a 696.6 ± 25.9d 756.5 ± 62.7f

PL nmol/mg protein 710.5 ± 58.9 733.5 ± 35.7 1128.3 ± 37.0c 861.9 ± 20.6g 616.0 ± 33.8b 864.6 ± 31.5d,e 933.1 ± 38.1f

aComparisons were made between the seven animal groups comprising the control group (C) of unlabeled animals, and the experimental groups receiving
either 10 mg/kg/d of CsA or the CsA solvent (S) under a low-fat or a TG- or PC-enriched diet. Results are expressed as means ± SE (n = 10 in groups C, S, and
CsA; n = 8 in groups TG-S, TG-CsA, PC-S, and PC-CsA). PL, phospholipids; for other abbreviations see Tables 1 and 2. Significance of the data were evalu-
ated by Fisher’s test. Presence of a lowercase superscript letter after the values given for an experimental group indicates statistical significance of at least P <
0.05. The letters correspond to the following comparisons: aC vs. CsA; bS vs. CsA; cS vs. TG-S; dCsA vs. TG-CsA; eTG-S vs. TG-CsA; fCsA vs. PC-CsA; gTG-S
vs. PC-S.

TABLE 4
Effect of CsA and Its Solvent on Brain Apolipoprotein (apo) E and apoJ mRNA in Rats Fed a Low- or High-Fat Dieta

Control Solvent CsA

mRNA Low-fat diet Low-fat diet High-fat diet Low-fat diet High-fat diet 

species O.D. U/A+ C S TG-S PC-S CsA TG-CsA PC-CsA

apoE Cortex 480.6 ± 38.9 493.3 ± 38.9 582.8 ± 57.7 563.3 ± 56.2 486.7 ± 45.9 394.4 ± 52.7c 440.0 ± 53.7
Hippocampus 577.5 ± 26.6 494.7 ± 50.9 419.9 ± 16.9 319.5 ± 79.1b 540.3 ± 44.4 615.3 ± 64.1c 482.4 ± 56.1

apoJ Cortex 394.3 ± 27.3 467.0 ± 63.9 598.5 ± 46.9 614.2 ± 81.8 425.4 ± 59.1 412.4 ± 101.0 433.3 ± 54.8
Hippocampus 316.2 ± 23.1 351.9 ± 24.3 232.8 ± 26.2a 272.5 ± 44.8 343.8 ± 28.9 367.5 ± 22.6c 245.8 ± 44.8d,e

apoE/apoJ
ratio Cortex 1.25 ± 0.10 1.19 ± 0.16 1.01 ± 0.15 0.93 ± 0.03 1.29 ± 0.16 1.06 ± 0.12 1.02 ± 0.07

Hippocampus 1.88 ± 0.14 1.54 ± 0.26 1.90 ± 0.28 1.15 ± 0.09 1.63 ± 0.13 1.67 ± 0.13 2.16 ± 0.31f

aComparisons were made between the seven animal groups comprising the control group (C) of unlabeled animals, and the experimental groups receiving
either 10 mg/kg/d of CsA or the CsA solvent with a low-fat or a TG- or PC-enriched diet. Results are expressed as means ± SE (n = 10 in groups C, S, and
CsA; n = 8 in groups TG-S, TG-CsA, PC-S, and PC-CsA). For abbreviations see Table 1. Significance of the data were evaluated by Fisher’s test. Presence of a
lowercase superscript letter after the values given for an experimental group indicates statistical significance of at least P < 0.05. The letters correspond to the
following comparisons: aS vs. TG-S; bS vs. PC-S; cTG-S vs. TG-CsA; dCsA vs. PC-CsA; eTG-CsA vs. PC-CsA; fPC-S vs. PC-CsA.



+58% (P < 0.01). In contrast, the CsA treatment further
decreased apoJ mRNA expression when animals were fed the
PC-enriched diet (groups PC-CsA vs. S), and the decrease
reached –43% (P < 0.01) (Table 4).

DISCUSSION

TG- or PC-enriched diets have been used for their beneficial
effects on central nervous system (CNS) functional disorders
(24–30). The aim of this study was to determine whether these
diets modified some aspects of the previously observed alter-
ations of brain lipid metabolism in response to CsA treatment
(17), and whether these diets might be useful in a preventive
approach toward CsA-induced neurological and psychiatric
disorders. Thus, we now report that these high-fat diets can
compensate for the CsA-mediated decreases in brain unesteri-
fied cholesterol and PC concentrations observed in rats fed a
low-fat diet. In addition, we observed the regulation of brain
apolipoprotein gene expression by both the TG- and PC-en-
riched diets, and differential interactions of CsA treatment with
these regulatory mechanisms, depending on the high-fat diet,
the region of the brain and the apolipoprotein being considered.

Concerning nutritional aspects, there have been several
studies showing that the metabolic effects of dietary PC are not
only those of adding the effects of dietary TG to those of
choline, but also are specific to the PC supplementation
(23,42–45). When free choline was administered alone, the ob-
served effects were not as profound as those of PC: First, there
was no drastic and acute hypocholesterolemic effect, as with
PC (42); second, unlike dietary PC, choline did not signifi-
cantly increase the biliary phospholipid and cholesterol output
(42). The anti-atherogenic effects of PC, characterized by a
hypocholesterolemic effect and the reduction of the aortic fatty
streak area in hypercholesterolemic animals, are in fact reduced
following dietary ingestion of TG plus choline (43). Thus, the
two types of diets, enriched in either PC or TG plus choline,
are not equivalent in their metabolic effects. Finally, PC is more
efficient in terms of its overall benefits to the health; in addi-
tion, it seems better able to manipulate brain choline homeosta-
sis indirectly using the choline precursor rather than directly
using choline administration (44–46). Thus, we have chosen to
compare lipoprotein and lipid metabolism at the brain level
after consumption of either a PC- or a TG-enriched diet.

CsA treatment administered at a dose of 10 mg/kg/d for 2
or 3 wk is known to produce hepatic alterations (47,48), in-
creased lipidemia (49,50), and brain EEG abnormalities with-
out convulsions (13), but major toxicity is not commonly ob-
served. Indeed, in the experimental groups receiving the CsA
treatment, none of the rats had behavioral abnormalities or
health-threatening alterations of the peripheral toxicity mark-
ers whatever the diet considered. Consistent with previous re-
ports on solvent cholestatic effects (47,48), we observed an in-
crease in phospholipidemia and an alteration of the balance be-
tween total and unesterified cholesterol. When CsA was added,
the known effect of CsA itself was observed, with additional
hyperlipidemic responses in rats fed the low-fat diet. In con-

trast, we now report that the high-fat diets led to different alter-
ations of lipidemia during CsA treatment. Feeding the rats with
TG-enriched diet did not significantly modify lipidemia and
prevented a CsA-induced increase in cholesterolemia. The PC-
enriched diet by itself modified lipidemia, resulting in an in-
crease in plasma TG, and mainly in total cholesterol. CsA treat-
ment with this diet further increased total cholesterol and TG.
It is interesting to note that both high-fat diets conferred a sol-
vent effect on lipidemia. We also found a large and significant
increase in plasma APF concentration. APF, a minor HDL3
apolipoprotein component, was previously shown to be a car-
rier of unesterified cholesterol, stimulating reverse cholesterol
transport from the plasma toward the liver and bile (51). With
the PC-enriched diet, we observed that the hyperlipidemic re-
sponses to CsA were maintained. Cholesterolemia was further
increased by CsA but was nevertheless associated with quite a
high level of APF (10- and 2.75-fold higher than in the solvent-
and CsA-treated low-fat-fed groups). Furthermore, the com-
parison of blood markers for cholesterol metabolism following
CsA treatment showed a 1.2-fold increase in cholesterolemia
without an increase in APF in the low-fat conditions and a 1.1-
fold increase in cholesterolemia associated with a 12-fold in-
crease in APF in the PC-enriched diet-fed group. Therefore,
supplying high levels of dietary phospholipids might be a
unique stimulus to better tissue and cellular disposal of choles-
terol and to improve reverse cholesterol transport during the
immunosuppressive treatment. These first results on peripheral
lipid metabolism support the possibility of using high-fat diets
to improve CsA-mediated CNS disorders. We have previously
reported that the solvent had no effect on lipid metabolism in
the brain, whereas CsA produced a lowering of unesterified
cholesterol and phospholipid. This latter response contrasts
with the brain cholesterol overloading and lipid release occur-
ring in hypercholesterolemic and epileptic models, and might
explain why there was no CsA-induced alteration in apoE and
apoJ gene expression (17). These unchanged levels in apoE and
apoJ mRNA species initially led us to suppose that CsA-in-
duced neurological effects, compared with those described in
other encephalopathies such as Alzheimer’s disease and
epilepsy, are not related to alterations in brain apolipoprotein
expression. We thus hypothesized, first, that the low concentra-
tion of unesterified cholesterol and phospholipids in the brain
could be involved in some of the memory impairment, depres-
sive symptoms, or manic episodes described in CsA-treated pa-
tients (4,20,21,52,53). This is supported by the literature re-
porting correlations between increased risks for mental disor-
ders and disturbances of cholesterol metabolism.

However, we are now reporting that with high-fat diets
modifying the normal levels of apolipoprotein gene expression
in untreated rats, CsA treatment led to modifications of the lev-
els of apoE  and apoJ brain mRNA, and the CsA-mediated de-
creases in brain phospholipids and unesterified cholesterol
were nullified by the high-fat diets. In view of these results, it
is possible to hypothesize that in the reported cases of psychi-
atric or neurological dysfunction seen with CsA treatment,
either a reduction of brain lipids or an unbalanced expression
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of apoE and apoJ, as seen in chronic epilepsy and in
Alzheimer’s disease, could be involved. Finally, it is important
to focus on the differential effect of CsA on brain lipid concen-
trations and on cortical or hippocampal apolipoprotein expres-
sion under the two high-fat diets. On one hand, the TG-en-
riched diet did not suppress the CsA-mediated changes; rather
it decreased the brain unesterified cholesterol and phospholipid
contents but by itself produced an increase in these lipids that
compensated for the drug effect. On the other hand, the PC-en-
riched diet suppressed  CsA-mediated decreases in the two
types of brain lipids but did not by itself change the levels of
either the unesterified cholesterol or phospholipids.

In contrast with PC, dietary TG have not been used to improve
neurological symptoms such as those observed in Alzheimer’s
disease, but rather to decrease the frequency of seizures in chil-
dren suffering from refractory epilepsy (29,30); such high-fat
diets act through the elevation of plasma ketones that produce
beneficial effects on energy metabolism and neuronal excitability,
and probably on detrimental glial activation in the brain (54).
These findings are relevant, given that in our experimental high-
fat diets, the level of carbohydrates was also decreased, as recom-
mended in antiepileptic diets. Phospholipid diet supplements have
been suggested to improve memory deficits and Alzheimer’s de-
mentia in humans as well as in animal models, and are believed
to act by increasing phospholipid, and in particular PC,  availabil-
ity in the brain (24–27). In animals, however, memory improve-
ment was reported with soy TG supplementation, and the in-
creased brain phospholipid concentrations observed in our exper-
iment in response to the TG-enriched diet might be related to
these previous observations (28). 

TG are much less abundant in the brain than are cholesterol
and phospholipids, but their variation could be meaningful and
was also evaluated. There was an increase in brain TG in re-
sponse to the TG- or PC-enriched diets, whereas plasma TG
remained stable, as already discussed. When the CsA treatment
was applied to high-fat-fed animals, the brain TG content re-
mained unaltered in the group fed the PC-enriched diet (for the
low-fat diet group) and were decreased by the drug treatment
in the TG-enriched diet-fed rats. 

The effect of CsA on the lipid steady state in the brain ap-
peared to be different in rats fed the low-fat, TG-enriched, or
PC-enriched diet. It is possible to hypothesize that different
pathological mechanisms involving various aspects of brain
lipid metabolism might occur in different CsA-treated patients
depending on their genetic or nutritional background. In pa-
tients having initially low lipid levels, it is possible that lipid
enrichment of the diet might reverse neurological risk. PC-en-
richment, already shown to be beneficial on CsA-induced he-
patic alterations (47,48), appears superior since it blocks CsA-
induced brain alterations rather than only compensating for
these alterations, as did the TG-enriched diet. Alternatively, in
patients already having a high level of brain apolipoprotein ex-
pression due to genetic or environmental causes, CsA treatment
might produce modifications of apoE and apoJ expression, as
also observed in treated rats fed high-fat diets. If prolonged,
such a situation might increase encephalopathic risk. ApoE and

apoJ are supposed to be pro-amyloidogenic and anti-amyloido-
genic, respectively (19,55). ApoE has a propensity to form fi-
brils, increasing the various forms of deposits described in
brains of Alzheimer’s patients. ApoJ is involved in the trans-
port of the β-amyloid peptide responsible in part for the pro-
gression of Alzheimer’s disease. It is believed that the balance
between the two brain apolipoproteins is important in avoiding
Alzheimer’s disease and epilepsy (19,55). Feeding a diet highly
enriched in lecithin might nevertheless produce a long-term un-
favorable balance of apolipoproteins in the hippocampus.
Amyloidogenic accumulation might occur in this structure
known to be involved in some seizure initiation and memory,
and high levels of cyclophillin might be expressed, with mas-
sive overexpression following seizures. In contrast, in the cor-
tex, PC seemed to improve the ratio in favor of a better elimi-
nation of the amyloid component and to lessen the trend toward
deposition of  apoE. It is important to point out that a previous
study showed better improvement of memory in a mouse
model when using a 2% phospholipid-enrichment compared
with an 8% enrichment (56). This suggests that a lower content
of PC in the diet should be tolerated better than a 20% PC diet,
and might restore a normal ratio between apoE and apoJ in the
hippocampus.

In conclusion, dietary management might help to reduce
some long-term side effects of CsA. An enrichment of the diet
with soybean lipids might benefit several aspects of the neuro-
logical side effects of the drug. Both soybean TG and PC pre-
vent CsA-induced decreases in unesterified cholesterol and
phospholipid content of the brain. All these effects should be
clarified in further studies to improve our ability to mediate
pharmacological immunosuppression without risk to the CNS.
However, testing a lower PC content in the diet would proba-
bly be better. This study provides a broad perspective on the
use of nutritional lipids to alleviate the consequences of brain
injury induced by a toxic substance and demonstrates that this
approach could potentially prevent adverse side effects.
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ABSTRACT: We have reported that dietary fish oil (FO) rich in
n-3 PUFA modulates gut contractility. It was further demon-
strated that the gut of spontaneously hypertensive rats (SHR) has
a depressed contractility response to prostaglandins (PG) com-
pared with normotensive Wistar-Kyoto (WKY) rats. We investi-
gated whether feeding diets supplemented with n-3 PUFA in-
creased gut contractility and restored the depressed prostanoid
response in SHR gut. Thirteen-week-old SHR were fed diets
containing fat at 5 g/100 g as coconut oil (CO), lard, canola oil
containing 10% (w/w) n-3 FA as α-linolenic acid (18:3n-3), or
FO (as HiDHA®, 22:6n-3) for 12 wk. A control WKY group was
fed 5 g/100 g CO in the diet. As confirmed, the SHR CO group
had a significantly lower gut response to PGE2 and PGF2α com-
pared with the WKY CO group. Feeding FO increased the max-
imal contraction response to acetylcholine in the ileum com-
pared with all diets and in the colon compared with lard, and
restored the depressed response to PGE2 and PGF2α in the ileum
but not the colon of SHR. FO feeding also led to a significant
increase in gut total phospholipid n-3 PUFA as DHA (22:6n-3)
with lower n-6 PUFA as arachidonic acid (20:4n-6). Canola
feeding led to a small increase in ileal EPA (20:5n-3) and DHA
and in colonic DHA without affecting contractility. However,
there was no change in ileal membrane muscarinic binding
properties due to FO feeding. This report confirms that dietary
FO increases muscarinic- and eicosanoid receptor-induced
contractility in ileum and that the depressed prostanoid re-
sponse in SHR ileum, but not colon, is restored by tissue incor-
poration of DHA as the active nutrient. 

Paper no. L9578 in Lipids 40, 69–79 (January 2005).

Increasing evidence is emerging from animal experiments
and human epidemiological and clinical studies that dietary
n-3 long-chain (LC) PUFA from marine sources are benefi-
cial for bowel function, aid gut repair (1–3), and ameliorate
inflammatory conditions, but this is yet to be translated into
clinical practice (4). Results from our previous animal studies
showed that dietary fish oil (FO) supplementation led to mod-
ified contractility properties of isolated gut tissue (5,6). For
the guinea pig, a diet containing 3% tuna FO, and high in

DHA (22:6n-3), led to a lower voltage threshold to initiate
contraction and a lower sensitivity to the isoprostane 8-iso-
prostaglandin (PG) E2 in the ileum with increased n-3 PUFA
content in the tissue total phospholipid fraction (5). In a sub-
sequent study, Sprague-Dawley rats were fed 10% FO rich in
EPA (20:5n-3) (EPA/DHA, 17:11) (6). In this strain of rat, di-
etary FO supplementation led to an increased maximal con-
traction in the ileum, elicited by muscarinic and eicosanoid
agonists, that was not observed for the colon. However, both
ileum and colon had similar increases in tissue n-3 PUFA
EPA, docosapentaenoic acid (DPA, 22:5n-3), and DHA (6).
This tissue-specific difference was explained by possible dif-
ferences of n-3 PUFA modulation of receptor subtype popu-
lations that have been described for many systems (7,8) or the
different functionality of the small intestine compared with
large bowel (9).

Our most recent study demonstrated that there were no
marked effects of a large range of dietary saturated fat (SF)
on rat ileal contractility, unlike that demonstrated for n-3
PUFA (6). However, there was a trend for depressed PGE2
and PGF2α contractility responses in the ileum and colon of
spontaneously hypertensive rats (SHR) that was not evident
for isoprostane, muscarinic, or angiotensin receptor systems
(10). This trend of depressed prostanoid activity became sig-
nificant when the groups fed the three levels of dietary fat
were combined (10). The aims of the present study were to
confirm a depressed prostanoid response in SHR gut com-
pared with Wistar-Kyoto (WKY) rats and, if confirmation
was made, to determine whether feeding FO containing high
DHA or canola oil rich in n-3 PUFA as α-linolenic acid
(ALA) increased the muscarinic receptor-induced response
and restored the depressed prostanoid response in gut from
SHR. We also investigated the effects of two autocoid pep-
tides, angiotensin II and bradykinin, which have potent activ-
ity in smooth muscle cells and which are involved in patho-
physiological conditions such as inflammation and hyperten-
sion (11,12).

MATERIALS AND METHODS

Animals and diets. Male SHR and WKY rats were purchased
from Animal Resource Centre (Canning Vale, Western Aus-
tralia, Australia) at 12 wk of age and housed in the small ani-
mal colony of CSIRO Health Sciences and Nutrition (HSN).
The rats were fed standard commercial laboratory rat chow
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containing approximately 5% fat (Glen Forrest Stockfeeders,
Glen Forrest, Western Australia, Australia) and water ad libi-
tum for 1 wk to acclimatize. They were subjected to a 12-h
light/dark cycle at 23°C. The rats were housed and the exper-
iment conducted with the approval of the CSIRO HSN ani-
mal ethics committee.

At 13 wk of age, the rats were separated into one dietary
group of 12 WKY rats and four groups of 16 SHR, housed
3–5 per cage and fed synthetic diets ad libitum for 12 wk. To
avoid oxidation, diets were stored at −20°C and changed
daily. The isoenergetic semipurified diets were based on the
AIN-93M diet (13) and contained (g/kg): casein, 180; min-
eral mix, 35; vitamin mix, 10; α-cellulose, 50; cornstarch,
580.7; L-cysteine, 1.8; choline chloride, 2.5; and sucrose, 90.
In addition, the control diet contained 5% (50 g/kg) coconut
oil (CO) (Meadow Lea Coconut Oil; Goodman Fielder Pty.
Ltd., North Ryde, Sydney, New South Wales, Australia) for a
WKY group and SHR group or 5% fat as lard (SF) (Chap-
man’s; George Weston Foods Ltd., Thebarton, South Aus-
tralia, Australia), 5% canola oil (Can) (Meadow Lea GOLD’N

Canola Oil; Goodman Fielder Pty. Ltd.), or 5% FO
(HiDHA®; Clover Corporation Ltd., Altona North, Victoria,
Australia) for the three other SHR groups. The FA composi-
tions of the diets are shown in Table 1. 

Diet FA content. The FA content of the 5% fat-supple-
mented diets had a wide range of SF levels, with the CO and
lard (SF) diets containing 89.4 and 47% compared with the
FO and Can diets, which contained 37.7 and 8%, respectively.
CO diet SF are predominantly from 10:0 to 16:0, whereas the
lard fat is 16:0 to 18:0. The Can diet contained predominantly
the plant-derived monosaturated FA oleic acid (18:1n-9) at
62% and the shorter n-3 PUFA, ALA (18:3n-3) at 10.5%.
This contrasts with the FO (HiDHA®) diet, which contains

the LC PUFA EPA and DHA at 6.5 and 22.5% of FA, respec-
tively. The n-6/n-3 ratios of the CO, SF, Can, and FO diets
were 16.7, 13.3, 1.9, and 0.2, respectively (Table 1).

Blood pressure (BP) measurements. The BP of a subset of
WKY and SHR was measured every 4 wk using the tail cuff
method (14) in a 29°C cabinet with restraining tubes (models
805 and 815; IITC Inc., Life Science Instruments, Woodland
Hills, CA) using a model 229 blood pressure amplifier/pump
and recorded using model 31 blood pressure software version
2.34 (IITC Inc.).

Tissue collection. At the completion of the 12-wk feeding
experiment, the rats were fasted overnight, weighed, anes-
thetized with Nembutal (sodium pentobarbitone, 60 mg/kg
intraperitoneal), and then killed by exsanguination. The small
intestine and colon were removed and prepared for physio-
logic recordings as described (5,6,10). Tissue samples were
snap-frozen in liquid nitrogen at −80°C for later tissue total
phospholipid FA analysis. 

Total phospholipid FA analysis of ileal and colonic tissue.
Small frozen sections (150 mg) of ileum or colon were
ground in a glass homogenizer, total lipids were extracted in
methanol/chloroform/water (2:4:1) and separated by TLC,
and the FA were methylated and analyzed by GLC as de-
scribed previously (5,6).

Physiologic recording of ileal and colonic contractility.
Sections of the ileum, proximal colon, or distal colon (0.03–0.04
m) were secured in an organ chamber with buffer conditions,
organ chamber mechanics, and contraction properties deter-
mined as described (5,6,10). Ileal and colonic tissue were run
in parallel. Results are given as volts per gram of (gut) tissue
(V/g).

Electrically induced contraction of colon. The colon was
induced to contract by electrical stimulation at 60 V for 5 ms
at 0.02 Hz using a Grass S48 stimulator (Astro-Med Inc.,
West Norwich, RI) via 10-mm circular stainless steel elec-
trodes placed above and below the tissue. Maximal colonic
contractions were reached at approximately 20 min, after
which time the stimulator was turned off. 

Contraction of quiescent ileum and colon. The gastroin-
testinal agonists were added sequentially to the bath contain-
ing ileal or colonic tissue. Dose–response curves were gener-
ated by cumulative addition of agonists added as a small
bolus to the incubating tissue. Each agent was washed out
from the bath after maximal contraction had been achieved
and the tissue stabilized at baseline for 15 min before the ad-
dition of the next agonist (5,6,10). 

Preparation of gut membrane fraction. Frozen gut tissue
was coarsely ground by pestle and mortar under liquid nitro-
gen and taken up into ice-cold isolating medium (1:10,
wt/vol) containing (in mM) 250 sucrose, 50 Tris, 1 EDTA, 1
MgCl2, pH 7.4. The tissue was homogenized in 10 mL of the
above medium by UltraTurrax® (Janke&Kunkel GmbH,
Staufen, Germany) at setting 4 for 3 bursts for 10 s (15). The
brei was filtered through several layers of wide-weave
cheesecloth and centrifuged at 6000 × g for 15 min in a J2-21
centrifuge (Beckman Instruments Co., Palo Alto, CA) at 4°C.
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TABLE 1 
FA Composition of Experimental Dietsa

FA COb SF Can FO

g/100 g FA
10:0 5.4 0.2 ND ND
12:0 51.2 0.3 0.1 ND
14:0 19.4 2.1 0.4 4.0
16:0 10.3 26.4 5.3 23.2
18:0 3.2 16.9 2.1 6.6
18:1n-9 7.3 38.4 58.8 18.7
18:2n-6 3.0 10.6 20.8 4.4
18:3n-3 0.2 0.8 10.5 0.6
20:5n-3 ND ND 0.2 6.5
22:5n-3 ND ND ND 1.2
22:6n-3 ND ND ND 22.4
Σ Saturated 89.4 47.0 8.0 37.7
Σ Monounsaturated 7.4 41.5 60.5 24.6
Σ Polyunsaturated 3.2 11.6 31.5 37.7
Σ n-6 3.0 10.7 20.8 6.4
Σ n-3 0.2 0.8 10.7 31.4
n-6/n-3 16.7 13.3 1.9 0.2
aValues are means of two samples performed in duplicate. Percentages were
derived from the full FA set.
bAbbreviations: CO, coconut oil diet; SF, saturated fat (lard) diet; Can, canola
oil diet; FO, fish oil diet; ND, not detected.



The supernatant was decanted and retained and the pellet re-
suspended in isolating medium and recentrifuged as before.
The supernatants were combined and spun at 50,000 × g for
30 min. The final pellet was resuspended in (mmol/L) 50 Tris,
1 EGTA, 10 MgCl2, pH 7.4 assay buffer that contained pro-
tease inhibitors diluted into this buffer at 1:1000 (vol/vol).
The stock protease inhibitor concentrations were (mg/mL,
solvent): phenylmethylsulfonyl fluoride 17.4, DMSO; apro-
tinin 1, H2O; iodoacetate 184, H2O; and pepstatin A 1.37,
DMSO (16). The final tissue concentration was approxi-
mately 5 mg/mL, and the stock solution was stored in aliquots
at −80°C for muscarinic binding assays.

Muscarinic receptor binding assay. Receptor radio-ligand
binding activity was determined in the gut membrane fraction
(6,000–50,000 × g) with the nonselective tritiated muscarinic
antagonist, quinuclidinyl benzylate ([3H]QNB) (16).  For sat-
uration binding assays, membranes (approximately 100 µg
protein/tube) were incubated with shaking in assay buffer
with increasing concentrations of [3H]QNB (specific activity
1.6 TBq/mmol; NEN, Sydney Australia) (0.05–2 nmol/L) at
30°C for 1 h. Preliminary experiments performed in triplicate
(not shown) established that [3H]QNB binding to the gut
membrane preparation was linear between 20 and 200 µg pro-
tein and that at 100 µg protein per assay, maximal binding oc-
curred by 40 min. The reaction was stopped via rapid filtra-
tion through Whatman GF/C glass fiber filters. After washing
with 3 × 4 mL ice-cold assay buffer, filters were placed into
vials and counted in 3 mL water-soluble scintillation cocktail
(Aquasol-2; NEN Research Products) at about 50% effi-
ciency. Nonspecific binding was measured in the presence of
10−6 mol/L atropine and did not exceed 15% of total binding. 

Protein determination. Values for the gut membrane pro-
tein content were determined after solubilization in 0.1 M
NaOH and 1% (wt/vol) SDS using BSA as standard (17).

Pharmacologic agents and suppliers. The pharmacologi-
cal agents (concentration range in nmol/L used in organ bath
or assay) and suppliers were as follows: acetylcholine
(10–22,000), atropine sulfate (0.1–1,000), bradykinin (0.1–
1,000), carbamylcholine chloride (carbachol) (10–22,000),
and fine chemicals were from Sigma Chemical (Sydney,
NSW, Australia); and PGF2α (1–7,000), PGE2 (1–7,000), and
8-iso-PGE2 (10–7,000) were from Sapphire Bioscience
(Crows Nest, NSW, Australia). For the ileum, the order of ag-
onists was acetylcholine, angiotensin II, 8-iso-PGE2, PGF2α,
and PGE2. Because the colon does not tolerate multiple addi-
tions well, the order of agonists after electrical stimulation
was as follows: proximal colon: acetylcholine, angiotensin II,
8-iso-PGE2; distal colon: carbachol, PGF2α, and PGE2.

Data analysis. Data are shown as means ± SEM. Statisti-
cal evaluation was performed by ANOVA, with a Bonferroni
multiple comparison post-test performed when the F-test was
significant at P < 0.05 or by Student’s t-test. The EC50
(nmol/L) and maximal contraction (V/g of tissue) values, and
maximal binding (Bmax) and 50% of maximal binding (Kd)
were determined from concentration-dose curves and satura-

tion binding isotherms using graph fits in GraphPad Prism 4.0
(GraphPad Software, San Diego, CA) with R2 > 0.99.

RESULTS

Animal weights. The initial (13 wk) and final (25 wk) weights
(g) of the experimental animal groups as mean ± SEM (n)
were as follows: WKY CO, 276 ± 6, 414 ± 8 (12); SHR CO,
290 ± 5, 427 ± 8 (16); SHR SF, 294 ± 4, 419 ± 4 (16); SHR
Can, 307 ± 5, 417 ± 4 (16); and SHR FO, 308 ± 4, 428 ± 6
(16). There was no significant difference between weights for
WKY or SHR CO groups or between final or ∆ (final minus
initial) weights between SHR dietary groups.

Blood pressure. The initial (13 wk) and final (25 wk) sys-
tolic BP measurements (mm Hg) as mean ± SEM for n = 6–8
rats were as follows: WKY CO, 147 ± 3, 146 ± 5; SHR CO,
175 ± 4, 184 ± 4; SHR SF, 180 ±5, 187 ± 4; SHR Can, 174 ±
5, 195 ± 3; and SHR FO, 168 ± 5, 191 ± 4. The initial (P < 0.05)
and final BP (P < 0.001) of the WKY group was significantly
different from all SHR groups. There was no significant dif-
ference in BP between SHR dietary groups. 

FA content of total phospholipids of ileum and colon.
There were no major differences in the FA composition of
ileum or colon in WKY and SHR groups fed CO diets with
n-6/n-3 ratios of ileum 11.5 and 11.4 and colon 11.5 and 10.6,
respectively. The shorter-chain saturated fats in the CO diet
(10:0–14:0) were not incorporated into ileal or colonic tissue.
The FA profiles of ileal and colonic tissue in the SHR fed CO
or SF were similar. The major differences observed for the
Can diet from the two saturated fat diets (CO and SF) were
an increase in the n-3 content as DHA (P < 0.05), with a mod-
est drop in the n-6/n-3 ratio in ileum to 7.9 and colon to 8.2.
However, the FO diet dramatically increased the DHA con-
tent in both tissue types (P < 0.001) with resultant n-6/n-3 ra-
tios of 2.3 and 1.7 (P < 0.001) at the expense of arachidonic
acid (20:4n-6) and the total n-6 content (P < 0.01). With the
FO diet (high in DHA), there was no detectable tissue phos-
pholipid ALA or EPA (Tables 2, 3).

Electrically induced contraction of colon. There was no
difference in electrically induced maximal contraction (V/g
tissue) between WKY and SHR CO groups for the proximal
or distal colon. For the SHR groups across the diets, there was
an increase in the maximal contraction of the proximal colon
in the FO group compared with the SF group (P < 0.01) that
was not evident for the distal colon (Table 4).

Gastrointestinal agonist-induced contraction of ileum and
colon from WKY and SHR fed the CO diet. The comparison of
dose–response curves of WKY and SHR fed CO diets for ago-
nist-induced contraction by PGF2α and PGE2 for ileum and
colon is shown in Figure 1 with the calculated EC50 (nmol/L)
and maximal contraction (V/g tissue) values for all agonists
shown in Table 5 for ileum and Table 6 for colon. For ileum,
PGF2α (Fig. 1A) produced a lower maximal contraction
(P < 0.003) for SHR compared with WKY, and for PGE2 (Fig.
1C) there was a lower maximal contraction (P < 0.01) and
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TABLE 3
FA Levels of Total Phospholipid Fraction of Colon from WKY and SHR Fed 5 g/100 g Fat-Supplemented Diets for
12 wka

WKY SHR

FA CO CO SF Can FO

g/100 g FA
14:0 1.6 ± 0.1 1.0 ± 0.3 0.1 ± 0.1 0.3 ± 0.2 0.3 ± 0.2
16:0 31.2 ± 0.4 30.9 ± 0.5 30.3 ± 0.2 32.6 ± 0.7 31.2 ± 0.4
18:0 21.5 ± 0.4 19.9 ± 0.6 22.4 ± 0.2 21.4 ± 0.5 20.6 ± 0.4
24:0 1.3 ± 0.1 2.5 ± 1.1 1.1 ± 0.1 ND 1.6 ± 0.3
18:1n-9 16.2 ± 0.6 15.8 ± 0.2a 17.0 ± 0.3b 17.4 ± 0.3b 14.1 ± 0.2c

18:2n-6 2.9 ± 0.1 2.4 ± 0.1a 3.1 ± 0.2a,c 4.2 ± 0.2b 3.8 ± 0.2b,c

20:4n-6 21.3 ± 0.4 21.2 ± 0.5a 21.6 ± 0.5a 19.8 ± 0.5a 13.9 ± 0.4b

20:5n-3 (EPA) ND ND ND ND ND
22:6n-3 (DHA) 1.9 ± 0.1 1.8 ± 0.1a 2.1 ± 0.1a 2.9 ± 0.1b 9.9 ± 0.2c

Σ Saturated 55.7 ± 0.4 55.4 ± 0.3 54.9 ± 0.2 54.6 ± 0.6 54.8 ± 0.6
Σ Monounsaturated 18.1 ± 0.7 17.3 ± 0.4a 18.1 ± 0.3a 18.1 ± 0.2a 15.5 ± 0.3b

Σ Polyunsaturated 26.1 ± 0.3 25.9 ± 0.6 26.8 ± 0.5 26.9 ± 0.6 27.9 ± 0.4
Σ n-6 24.2 ± 0.3 23.7 ± 0.5a 24.7 ± 0.4a 24.0 ± 0.5a 17.7 ± 0.4b

Σ n-3 2.1 ± 0.1 2.3 ± 0.2a 2.1 ± 0.1a 2.9 ± 0.1b 10.2 ± 0.1c

n-6/n-3 11.5 ± 0.5 10.6 ± 0.7a 12.0 ± 0.2a 8.2 ± 0.2b 1.7 ± 0.02c

aValues are mean ± SEM for n = 4. Percentages were derived from the full FA set. Means for an SHR tissue in a row with su-
perscripts without a common letter differ; P < 0.05. For abbreviations see Tables 1 and 2.

TABLE 2
FA Levels of Total Phospholipid Fraction of Ileum from WKY and SHR Fed 5 g/100 g Fat-Supplemented Diets for
12 wka

WKY SHR

FA CO CO SF Can FO

g/100 g FA
14:0 0.9 ± 0.3 0.8 ± 0.1a 0.2 ± 0.1b 0.1 ± 0.1b ND
16:0 22.5 ± 0.4 24.6 ± 0.3 23.3 ± 0.5a 25.5 ± 0.9 26.4 ± 0.3b

18:0 20.0 ± 0.5 20.5 ± 0.1 22.4 ± 0.3 20.9 ± 0.8 20.3 ± 0.6
24:0 4.6 ± 0.2 6.0 ± 0.2a 5.9 ± 0.6a,c 3.4 ± 1.2 1.6 ± 0.3b

18:1n-9 17.8 ± 0.3 14.4 ± 0.2 13.1 ± 2.2 14.2 ± 1.2 13.1 ± 0.2
18:2n-6 5.8 ± 0.7 3.9 ± 0.2a 4.0 ± 0.1a 6.5 ± 0.6b 5.7 ± 0.2b

20:4n-6 21.0 ± 0.4 22.8 ± 0.4a 25.1 ± 0.8a 22.4 ± 1.3a 18.3 ± 0.2b

20:5n-3 ND ND ND 0.2 ± 0.1 ND
22:6n-3 1.5 ± 0.0 1.5 ± 0.0a 1.7 ± 0.2a 2.6 ± 0.1b 9.7 ± 0.2c

Σ Saturated 48.8 ± 0.7 52.8 ± 0.3 52.8 ± 0.7 50.9 ± 1.0 50.3 ± 1.4
Σ Monounsaturated 19.5 ± 0.4 16.2 ± 0.4 14.1 ± 0.6 15.1 ± 0.8 15.0 ± 0.7
Σ Polyunsaturated 30.7 ± 1.0 30.3 ± 0.2 32.8 ± 0.7 33.6 ± 1.7 34.2 ± 0.2
Σ n-6 28.2 ± 0.8 27.9 ± 0.2a 30.1 ± 0.6a 29.8 ± 1.5a 24.0 ± 0.2b

Σ n-3 2.5 ± 0.1 2.4 ± 0.0a 2.8 ± 0.2a 3.8 ± 0.1b 10.3 ± 0.2c

n-6/n-3 11.5 ± 0.1 11.4 ± 0.1a 11.1 ± 1.0a 7.9 ± 0.6b 2.3 ± 0.04c

aValues are means ± SEM for n = 4, derived from the full FA set. Means for a spontaneously hypertensive rat (SHR) tissue in a
row with superscripts without a common letter differ; P < 0.05. WKY, Wistar-Kyoto rats; for other abbreviations see Table 1.

TABLE 4
Effect of Electrically Driven Contraction on Colon from WKY and SHR Fed 5% Fat-Supplemented Diets for 12
wka

WKY SHR

Tissue/Diet CO CO SF Can FO

V/g
Proximal colon 2.2 ± 0.2 2.3 ± 0.2 1.7 ± 0.2a 2.1 ± 0.2 2.9 ± 0.3b

Distal colon 2.1 ± 0.2 2.1 ± 0.2 2.1 ± 0.2 1.7 ± 0.2 2.1 ± 0.2
aValues are mean ± SEM for n = 12 for WKY and n = 16 for SHR. Means for an SHR tissue in a row with superscripts with-
out a common letter differ; P < 0.01. For abbreviations see Tables 1 and 2.



lower sensitivity (P < 0.002) for SHR compared with WKY.
For the colon, the agonists PGF2α (Fig. 1B) and PGE2 (Fig. 1D)
produced a lower maximal contraction of SHR compared with
WKY (P < 0.02 and P < 0.05, respectively).

Gastrointestinal agonist-induced contraction of ileum and
colon from SHR fed the CO, SF, Can, and FO diets. Compari-
son of the effects of experimental diets on SHR ileal and
colonic tissue agonist-induced contraction is shown in Fig-
ures 2 and 3. The EC50 (nmol/L) and maximal contraction
(V/g) values for ileal and colonic tissue are given in Tables 5
and 6, respectively. For ileum, acetylcholine (Fig. 2A), PGF2α
(Fig. 2E), and PGE2 (Fig. 2F) produced higher maximal con-
traction in the FO group than in the other three dietary groups
(P < 0.01). The FO group also had higher maximal contrac-
tion responses to angiotensin II compared with the SF group

(P < 0.05) (Fig. 2B) and a higher maximal contraction re-
sponse to bradykinin compared with the Can group (P < 0.05)
(Fig. 2C) in ileum. Although there was a trend for increased
contraction for 8-iso-PGE2 by FO compared with the other
dietary groups, it did not reach significance. For colon, in re-
sponse to acetylcholine the FO group had higher maximal
contraction compared with the SF group (P < 0.001) (Fig. 3A)
and a higher sensitivity compared with the Can group (P < 0.01).
The FO group also had a higher maximal contraction re-
sponse to 8-iso-PGE2 compared with SF (P < 0.05) (Fig. 3C)
and Can (P < 0.05) groups and a higher sensitivity in response
to carbachol compared with the SF group (P < 0.05) (Fig.
3D). There were no significant differences across the dietary
groups for colon in response to angiotensin II, PGF2α, or
PGE2.
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FIG. 1. Effects of prostaglandin F2α (PGF2α) on the contraction of ileum (A) and colon (B) and PGE2 on contraction of ileum (C) and colon (D) from
Wistar Kyoto rats (WKY) (ss) and spontaneously hypertensive rats (SHR) (l) fed a 5 g/100 g coconut oil (CO)-supplemented diet. The results are
plotted as means ± SEM generated from pooled data for contractions from n = 12 WKY and n = 16 SHR individual pieces of ileum determined as
voltage per gram of tissue (V/g). Significant differences for individual concentrations determined by Student’s t-test with significance indicated as
follows: *P < 0.05, **P < 0.01, ***P < 0.001. The calculated EC50 (nmol/L) and maximal contraction (V/g tissue) values for PGF2α and PGE2 are
shown in Table 5 for ileum and Table 6 for colon. 

 



Muscarinic binding in ileal membrane preparations. The
Kd (nmol/L) calculated for individual saturation binding
isotherms for SF was 0.21 ± 0.01 and for FO was 0.20 ± 0.003
with maximal binding (Bmax) (fmol/mg membrane protein)
for SF of 540 ± 42 and for FO of 457 ± 24, which were not
significantly different (Fig. 4). By comparison, the maximal
contraction (V/g) for ileal tissue from the same SHR subset
fed SF in response to acetylcholine was 6.4 ± 1.8 compared
with FO of 14.3 ± 2.1 (n = 5) (P < 0.02) [see Fig. 2A and
Table 5 for comparison of calculated EC50 and maximal con-
traction (V/g) values compared across diets].

DISCUSSION

We have previously shown that dietary FO rich in EPA and
DHA can increase the muscarinic- and eicosanoid-induced
ileal responses in the normotensive Sprague-Dawley rat (6).
This study investigated whether the recently observed depres-

sion in prostanoid-induced contraction in gut tissue of SHR
(10) could be restored by n-3 PUFA from plant or fish
sources. To test this, we fed 13-wk-old SHR diets supple-
mented with 5% as canola oil rich in ALA (18:3n-3) or as a
fish oil fraction high in DHA (22:6n-3) with SF and CO as
controls. In this study, there were no significant lowering ef-
fects on BP by n-3 PUFA feeding. Using animal models, a
blood pressure lowering has previously been noted using both
EPA and DHA mixtures, DHA alone, and Can (18–20). In
those studies and other reports, the n-3 PUFA was delivered
at the development stage of hypertension (3–7 wk) compared
with 13 wk, the established stage of hypertension in this study
(21). Dietary supplementation with LC n-3 PUFA diets deliv-
ered at 3 mon or later also have been found to lower SHR
blood pressure when fed for a long term of 12–18 mon (22).
In this study, the modulation of gut smooth muscle contractil-
ity by n-3 PUFA is discussed in relation to hypertension and
other potentially related pathological conditions.
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TABLE 6
EC50 (nmol/L) and Maximal Contraction (V/g) Values Derived from Concentration–Response Curves for Agonists
Applied to Colon from WKY and SHR Fed 5 g/100 g Fat-Supplemented Diets for 12 wka

WKY SHR

Agonist CO CO SF Can FO

Acetylcholine EC50 891 ± 154 1514 ± 208 1481 ± 310 2130 ± 354a 676 ± 156b

V/g 5.7 ± 0.4 6.1 ± 0.4 4.8 ± 0.3a 6.0 ± 0.3 6.7 ± 0.3b

Angiotensin II EC50 0.3 ± 0.1 0.8 ± 0.3 1.8 ± 0.9 0.5 ± 0.2 1.5 ± 1.0
V/g 5.7 ± 0.4 6.0 ± 0.4 4.2 ± 0.6 5.4 ± 0.2 6.3 ± 0.9

8-iso-PGE2 EC50 103 ± 17 174 ± 54 159 ± 39 136 ± 46 159 ± 50
V/g 3.2 ± 0.3 3.9 ± 0.3 3.1 ± 0.3a 3.1 ± 0.2a 4.3 ± 0.3b

Carbachol EC50 815 ± 121 835 ± 81 1062 ± 91a 943 ± 120 664 ± 47b

V/g 7.2 ± 0.6 6.4 ± 0.2 6.5 ± 0.3 6.6 ± 0.4 7.1 ± 0.4
PGF2α EC50 51 ± 8 66 ± 19 68 ± 16 88 ± 21 81 ± 17

V/g 3.9 ± 0.5 2.8 ± 0.2 2.7 ± 0.2 2.5 ± 0.3 2.8 ± 0.2
PGE2 EC50 194 ± 54 307 ± 95 327 ± 67 426 ± 99 327 ± 67

V/g 3.8 ± 0.4 2.5 ± 0.3 2.7 ± 0.3 2.7 ± 0.4 2.7 ± 0.3
aValues are mean ± SEM for n = 16 for acetylcholine, 8-iso-PGE2, carbachol, PGF2α, and PGE2, and n = 8 for angiotensin
II. Means for a SHR tissue in a row with superscripts without a common letter differ; P < 0.05. Carbachol, carbamylcholine
chloride; for other abbreviations see Tables 1, 2, and 5.

TABLE 5
EC50 (nmol/L) and Maximal Contraction (V/g) Values Derived from Concentration–Response Curves for Agonists
Applied to Ileum from WKY and SHR Fed 5 g/100 g Fat-Supplemented Diets for 12 wka

WKY SHR

Agonist CO CO SF Can FO

Acetylcholine EC50 1896 ± 269 2060 ± 296 1732 ± 463 2575 ± 638 1677 ± 246
V/g 11.3 ± 1.8 9.2 ± 1.0a 7.5 ± 0.9a 8.8 ± 1.1a 14.2 ± 1.2b

Angiotensin II EC50 18.6 ± 9.7 7.4 ± 2.8 14.9 ± 6.0 4.5 ± 2.5 7.3 ± 3.8
V/g 9.3 ± 1.0 9.4 ± 1.3 6.3 ± 1.1a 10.0 ± 1.4 11.3 ± 0.9b

Bradykinin EC50 25.9 ± 11.1 8.3 ± 1.9 19.7 ± 7.0 12.4 ± 4.5 11.4 ± 3.9
V/g 10.1 ± 1.2 8.0 ± 1.0 8.2 ± 0.9 5.9 ± 0.8a 9.9 ± 1.0b

8-iso-PGE2 EC50 369 ± 59 477 ± 57 483 ± 51 455 ± 54 294 ± 33
V/g 10.9 ± 0.6 10.3 ± 0.8 9.8 ± 0.7 9.9 ± 0.8 11.0 ± 0.8

PGF2α EC50 526 ± 126 568 ± 124 1079 ± 259 480 ± 138 585 ± 171
V/g 13.0 ± 1.4 8.3 ± 0.6a 8.6 ± 0.7a 8.7 ± 0.7a 12.6 ± 0.8b

PGE2 EC50 560 ± 73 1366 ± 181 1511 ± 241 1085 ± 200 674 ± 117
V/g 10.4 ± 0.9 7.2 ± 0.7a 7.4 ± 0.8a 8.1 ± 0.7a 12.5 ± 0.7b

aValues are mean ± SEM for n = 16 for acetylcholine, 8-iso-PGE2, PGF2α, and PGE2, and n = 8 for angiotensin II and
bradykinin. Means for an SHR tissue in a row with superscripts without a common letter differ; P < 0.05. PG, prostaglandin;
for other abbreviations see Tables 1 and 2.
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FIG. 2. Effects of acetylcholine (A), angiotensin II (B), bradykinin (C), 8-iso-PGE2 (D), PGF2α (E), and PGE2 (F) on the contraction of ileum from SHR
fed diets supplemented with 5 g/100 g coconut oil (CO) (l), lard (n), canola oil (Can) (s), or fish oil (FO) (ll). The results are plotted as means ±
SEM generated from pooled data for contractions from n = 16 individual pieces of ileum determined as voltage per gram of tissue (V/g). Significant
differences for individual concentrations determined by ANOVA with the Bonferroni post test indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001.
Table 5 shows comparisons of the calculated EC50 and maximal contraction (V/g) values for ileum for all agonists. For other abbreviations see Figure 1.
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FIG. 3. Effects of acetylcholine (A), angiotensin II (B), 8-iso-PGE2 (C) on proximal colon, and carbachol (D), PGF2α (E), and PGE2 (F) on distal colon
contraction from SHR fed diets supplemented with 5 g/100 g coconut oil (CO) (l), lard (n), canola oil (Can) (s), or fish oil (FO) (ll). The results are
plotted as means ± SEM generated from pooled data for contractions from n =16 SHR individual pieces of colon determined as voltage per gram of
tissue (V/g). Significant differences for individual concentrations determined by Student’s t-test with significance indicated as follows: *P < 0.05,
**P < 0.01. Table 6 shows comparisons of the calculated EC50 (nmol/L) and maximal contraction (V/g tissue) values for colon for all agonists.



First, it was established that SHR fed a diet of SF as CO
exhibited a significantly depressed PGE2 and PGF2α response
in ileum and colon compared with the WKY control group.
This depressed response was not observed for muscarinic,
isoprostane, or autocoid peptide agonists angiotensin II or
bradykinin. We report here that the FO diet, with high DHA
as the most likely active nutrient, restored the depressed
prostanoid effect in ileal but not colonic tissue. This effect
was not observed for the Can-supplemented diet rich in ALA
that produced only a marginal increase in EPA and DHA in
ileum and only DHA in colon. It is to be determined whether
FO feeding alters the PG receptor properties of ileal and
colonic tissue in a manner that may explain the differences in
tissue reactivity. Functionally, the large intestine is primarily
for drying and storage of digestive waste material, whereas
the contractile properties influenced by n-3 PUFA in the
ileum may not be translated to the distal bowel (6).

Using SHR, we have also confirmed that FO feeding re-
sulted in higher maximal contraction responses to muscarinic
and prostanoid agonists in the ileum that we previously
demonstrated in normotensive Sprague-Dawley rats (6). We
also investigated the effects of potent gastrointestinal peptide
agonists. The first, angiotensin II, plays a key role in the
renin–angiotensin system (23), especially as it relates to hy-
pertension and the development of disease (24,25). The sec-
ond, bradykinin, is a potent autocoid that can act on endoge-
nous smooth muscle cells (11,12) and is also involved with
gut pathophysiological conditions (18,24) and co-involved
with the renin–angiotensin system (23). Both peptides lead to
increased maximal contraction of ileum after FO dietary sup-
plementation compared with SF or Can.

Electrically driven contraction of colon is predominantly
induced by acetylcholine release (25), and we found a signifi-
cant increase in maximal contraction in the proximal colon
by FO feeding compared with the SF diet. This observation
was supported by a significantly higher acetylcholine-induced
contraction of proximal colon by the FO diet compared with
the SF diet, but not by the muscarinic mimetic, carbachol, in
the distal colon, although there was an increase in sensitivity.
This observation was not seen for normotensive Sprague-
Dawley rats in our previous study (6). However, we note that
FO supplementation did not increase contractility due to an-
giotensin II or again to prostanoids in colon.

Dietary FO can affect membrane receptor properties of
various systems in different tissues, such as the α- and β-
adrenergic (7,26), angiotensin II (27), various eicosanoids
(thromboxane A2/PGH2) (28), as well as insulin (29) and
other G-protein-coupled systems (8). In an attempt to deter-
mine the mechanism of n-3 PUFA effects on gut contractility,
we measured muscarinic binding properties of ileal mem-
brane preparations to determine whether FO supplementation
modified ileal receptor characteristics. Although FO feeding
markedly increased ileal maximal contraction compared with
an SF diet in response to acetylcholine, there was no change
in the muscarinic receptor population. There may have been a
change in muscarinic subtype (30), which we are now inves-
tigating. However, it may be that the n-3 PUFA modification
is post receptor and the involvement of calcium handling is to
be determined (21,31). 

In previous FO feeding studies, guinea pigs received diets
with 4.2% ALA, 1.5% EPA, and 5% DHA as fat that resulted
in 2.1% ALA, 0.8% EPA, and 3.6% DHA as FA in the ileal
phospholipid fraction from very low levels. This led to alter-
ations in voltage- and isoprostane-induced sensitivity changes
in ileal contractility measurements (5). The recent rat study
involved feeding FO containing 1% ALA, 11% EPA, and 7%
DHA as fat that resulted in 0% ALA, 9% EPA, and 7% DHA
as rat ileal membrane FA (6). That n-3 PUFA ratio correlated
with increased ileal muscarinic- and eicosanoid-induced con-
tractility properties. The study described herein used a high-
DHA FO source in the diet containing 1% ALA, 6.5% EPA,
and 22% DHA as fat that resulted in 0% ALA, 0% EPA, and
10% DHA in ileal membrane FA. It is therefore postulated
that DHA is the active nutrient involved in the physiological
alterations to agonist-induced gut contractility. Can rich in
ALA resulted in only a modest increase in tissue DHA levels
with no effect on contractility. Incorporation of Can is ani-
mal- and tissue-type dependent and relies on the ability of the
tissue to elongate and desaturate ALA to longer n-3 PUFA.
However, it is also to be determined whether diets with very
high ALA levels or diets rich in only EPA that markedly in-
creased tissue n-3 PUFA levels manifest increased gut con-
tractility.

There are advantages and disadvantages of various experi-
mental models of bowel disease (32). Although patients with
inflammatory bowel disease (IBD) rarely have hypertension
(33), and Crohn’s disease may be negatively correlated with
BP (34), it may be suggested that the SHR model with depressed
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FIG. 4. Saturation binding isotherms for the tritiated muscarinic antago-
nist quinuclidynil benzylate ([3H]QNB) from the pooled data from ileal
tissues from n = 5 SHR fed diets supplemented with 5 g/100 g fat as lard
(SF) (n) or fish oil (FO) (ll). Results are plotted at each concentration as
mean ± SEM. Figure 2A shows acetylcholine dose curves for ileum from
groups fed diets supplemented with 5 g/100 kg fat as coconut oil, lard,
canola oil, or fish oil, and Table 5 shows comparisons of calculated EC50
and maximal contraction (V/g) values for ileum for acetylcholine and
other agonists. There were no significant differences for Kd (concentration
at half-maximal binding) or Bmax (maximal binding) values for SHR ileum
across SF or FO dietary groups. For other abbreviations see Figure 1.
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prostanoid-induced contractility responses may mimic a mod-
erate case of IBD. Models of chemically induced ileitis have
revealed a hyporesponsiveness in receptor-mediated strength
of contraction of circular muscle due to carbachol and hista-
mine (35) and modulation of purinergic nerve activity (36).
Additionally, intestinal inflammation induced by Trichinella
spiralis infection led to functional and structural changes,
characterized by a decreased response to electrical field stim-
ulation (37). Finally, and in relation to this study, tissue con-
centration of prostanoids was markedly elevated and their re-
ceptor population altered in the tissue of animals and humans
with intestinal inflammation (38).

Models of IBD including ileitis and ulcerative colitis (UC)
have both tissue damage and altered contractility properties.
Administration of human recombinant interleukin-11 in a
trinitrobenzenesulfonic acid colitis rabbit model partially nor-
malized changes in contractile properties toward receptor-
specific (motilin, acetylcholine, substance P) and receptor-in-
dependent (KCl) stimuli (39) and also suppressed intestinal
inflammation and reversed intestinal smooth muscle dysfunc-
tion (carbachol, KCl) in HLA-B27 transgenic rats (40).
Chemical-induced colitis in rats (dextran sulfate sodium) and
mice (dinitrobenzene sulfonic acid) has been improved by
butyrate enema and dietary curcumin (component of the spice
turmeric) proposed to be in part via the transcription factor,
nuclear factor kappa B that is involved in the production of
inflammatory chemokines (41).

Recent studies report that dietary FO results in suppressed
production of proinflammatory cytokines (42). Trinitroben-
zenesulfonic acid-treated rats with UC fed FO for 1 wk
showed significantly less macroscopic and microscopic dam-
age and lower biochemical and histochemical markers of tis-
sue damage (alkaline phosphatase, myeloperoxidase, and
PGE2) (43). Results of human trials suggest that dietary FO
supplementation may improve Crohn’s disease (4). It is now
reasonable to assume that n-3 PUFA may have a major role
to play in IBD not only by reducing symptoms of tissue
pathology but also by improving contractility and functional-
ity. Small-animal IBD models may soon demonstrate this im-
portant duality of n-3 PUFA function. Transgenic technology
has recently produced a mouse that can convert n-6 to n-3 FA
and that has the potential to be genetically backcrossed with
mouse disease models such as IBD to test the effects of n-3
PUFA on the pathogenesis and treatment of disease (44) and
complement dietary studies without the use of pharmaceuti-
cals (45).
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ABSTRACT: Dietary flaxseed oil, which is enriched in α-lino-
lenic acid, and fish oil, which is enriched in EPA and DHA, pos-
sess anti-inflammatory properties when compared with safflower
oil, which is enriched in linoleic acid. The influence of flaxseed
oil and fish oil feeding on lipid metabolism in T-lymphocytes is
currently unknown. This study directly compared the effects of
feeding safflower oil, flaxseed oil, and fish oil for 8 wk on splenic
T-lymphocyte proliferation, phospholipid mass, and acyl-CoA
binding protein expression in the rat. The data show that both
flaxseed oil and fish oil increased acyl-CoA binding protein ex-
pression and phosphatidic acid mass in unstimulated T-lympho-
cytes when compared with safflower oil feeding. Fish oil feeding
increased cardiolipin mass, whereas flaxseed oil had no effect.
After stimulation, flaxseed oil and fish oil blunted T-lymphocyte
interleukin-2 production and subsequent proliferation, which was
associated with the lack of increased acyl-CoA binding protein
expression. The results reported show evidence for a novel mech-
anism by which dietary flaxseed oil and fish oil suppress T-lym-
phocyte proliferation via changes in acyl-CoA binding protein ex-
pression and phospholipid mass.

Paper no. L9590 in Lipids 40, 81–87 (January 2005).

In general, the n-3 PUFA are considered to be anti-inflamma-
tory, whereas the n-6 PUFA are considered to be pro-inflam-
matory (1,2). Some reports show that, within the n-3 series, di-
etary lipids such as fish oil, which is enriched in EPA and DHA,
possess more potent anti-inflammatory properties than flaxseed
oil, which is enriched in α-linolenic acid (α-LNA) (3,4). It is
well known that one of the major targets of dietary n-3 PUFA
is the T-lymphocyte, a cell that is important in determining the
type and extent of an immune response (5). Several reports
show that flaxseed oil (linseed oil) and fish oil may have a sim-
ilar potency in inhibiting lymphocyte proliferation ex vivo
(6,7). In vivo, feeding flaxseed oil can dramatically blunt the
development of autoimmune disease in mice, a result that is
similar to that seen in fish oil feeding (8).  

Acyl-CoA binding protein (ACBP) is a 10 kDa intracellular

protein that binds acyl-CoA with high affinity and is found in
every tissue tested including the spleen (9,10). Several recent
reports have shown that ACBP may be an important regulator
of cell function. For example, depletion of ACBP in human cell
lines inhibits proliferation (11) and blocks adipocyte differenti-
ation (12). Furthermore, transformed colon cells have increased
ACBP expression (13).In rat liver microsomes, one potential
mechanism by which ACBP may regulate cell function is by
increasing phosphatidic acid (PtdOH) biosynthesis (14). This
is important because PtdOH is the precursor for all glyc-
erophospholipids and TG. Recent evidence using liver mito-
chondria suggests that ACBP may be an important determinant
in the positional distribution of FA within phospholipids (15).
Although most studies indicate that ACBP may play a positive
role in cell function, one report has shown that ACBP may be
involved in increasing apoptosis (16).  

To date, only one report has examined the impact of diet on
ACBP expression; it was shown that a high-fat diet increased
ACBP expression in the liver (17). The role of ACBP in T-lym-
phocyte function and the mechanism by which different dietary
lipid types affect the expression of ACBP are currently un-
known. Whereas the impact of dietary n-3 PUFA on T-lympho-
cyte FA composition is well known, the influence on phospho-
lipid mass of flaxseed oil is relatively unexplored. Therefore,
this study aimed to determine the impact of diets enriched in
α-LNA (flaxseed) or EPA and DHA (fish oil) on ACBP pro-
tein expression and phospholipid mass in splenic T-lympho-
cytes.

MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats (five per group) were ran-
domly assigned to a safflower oil diet (Saff), flaxseed oil diet
(Flax), or fish oil diet (Fish). Six-month-old rats, weighing
roughly 500 g each, were housed two per cage in a 12-h
light/12-h dark room and had free access to diets and water.
Following 8 wks of feeding, rats were euthanized by CO2 as-
phyxiation, and livers and spleens were aseptically harvested.
All procedures were approved by the University of Texas Ani-
mal Use and Care Committee.  

Diets. Diet ingredients were purchased from Dyets, Inc.
(Bethelehem, PA), prepared fresh each week, and maintained
at 4°C. Isocaloric diets were designed to meet the nutritional
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requirements of rats as determined by the American Institute
of Nutrition (18). Diets contained (g/kg) 200 soy protein, 300
dextrose, 310 cornstarch, 35 cellulose, 100 lipid, 2 choline, 1.5
DL-methionine, 1.5 L-cysteine, 1.3 α-tocopherol, 1.2 γ-tocoph-
erol, 1 TBHQ, 35 mineral mix (AIN-93M-MX), and 15 vita-
min mix (AIN-93-VX). Detailed composition of the vitamin
and mineral mix has been reported elsewhere (18). Rats were
fed, 30 g/d, one of three semipurified diets differing only in
lipid content: (i) 10% w/w safflower oil (Saff) enriched in α-
linoleic acid (α-LA), (ii) 3% Saff plus 7% flaxseed oil (Flax)
enriched in α-LNA, and (iii) 3% Saff plus 7% fish oil (Fish)
enriched in EPA and DHA. Safflower, flaxseed, and fish (men-
haden) oils were all purchased from Dyets, Inc. Saff was added
to the Flax and Fish diets as a source of LA to prevent EFA de-
ficiency. Two separate feeding trials were performed because
all the experiments could not be obtained from one rat. Feed-
ing trial 1 consisted of performing proliferation, interleukin-2
(IL-2) secretion, and phospholipid (PL) mass determinations.
Feeding trial 2 consisted of performing proliferation (to ensure
consistency between diet studies) and Western immunoblot-
ting.

T-lymphocyte isolation and culture conditions. Sprague-
Dawley rat splenic T-lymphocytes were isolated using nega-
tive selection Immulan columns (Biotecx, Inc., Houston, TX)
per the manufacturer’s instructions as previously described
(19), yielding a 90% pure splenic T-lymphocyte population.
Isolation by negative selection prevents the stimulation of the
T-lymphocyte’s receptor during the isolation procedure, as oc-
curs with positive selection methods. T-lymphocytes were
counted using a Cell-Dyn 900 Hematology Analyzer (Sequoia-
Turner Corp., Mountainview, CA). T-lymphocytes, 25 × 106

cells per petri dish, were stimulated at 37°C for 30 min in pre-
warmed complete culture media (10% heat-inactivated FBS
plus 100 U/mL penicillin, 100 µg/mL streptomycin, 10 µM 2-
mercaptoethanol, and 100 mM L-glutamine) with 10 µg/mL
plate-bound anti-CD3 to mimic in vivo antigenic stimulation.

FA analysis. FA analysis was performed on the diet and liver
samples. Liver samples were homogenized and washed with
cold PBS prior to lipid extraction. Lipids were extracted from
both diet and liver samples with n-hexane/2-propanol (3:2,
vol/vol) (20). The lipid extracts were centrifuged at 800 × g to
pellet cellular debris. The lipid-containing supernatants were
filtered through a 0.2-µm nylon filter, dried under nitrogen, and
redissolved in methanol. The samples were converted to FAME
using the method of Brockerhoff (21). Briefly, methanolic
KOH was added, followed by 0.2 M aqueous H2SO4. The
FAME were extracted by n-hexane, dried under nitrogen, and
redissolved in n-hexane for cleanup by TLC. Cleanup was per-
formed to remove glycerol or other nonmethylated lipids prior
to analysis by GC. The samples were run in parallel with au-
thentic FAME standards (Sigma, St. Louis, MO) on Silica 60G
plates, prerun with acetone, with a toluene solvent system.
FAME were visualized with a 0.1% 8-anilino-1-naphthalene-
sulfonic acid salt solution under UV light, and the correspond-
ing FAME bands were scraped and redissolved in methanol.
The FAME were again extracted by n-hexane prior to separa-

tion by GLC. FAME were separated using a Varian 3900GC
equipped with an FID and a Varian CP-Wax 52CB WCOT
fused-silica 50 m  × 0.32 mm column. The injector and detec-
tor temperatures were set to 200 and 270°C, respectively. The
split ratio was 1:10, and helium was used as the carrier gas at a
flow of 1.5 mL/min. The column temperature was initially set
to 50°C, increased to 140°C at a rate of 20°C/min, held for 5
min, increased to 200°C at 4°C/min, increased to 240°C at
2°C/min, and held for 30 min. FAME standards, as well as a
17:0 internal standard, were used to establish relative retention
times. Peak area data were collected and analyzed using Varian
Star Chromatography Workstation Version 5.52 software.

Proliferation. T-lymphocyte proliferation was measured
using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide] Cell Proliferation Assay as described by the
manufacturer (American Type Cell Culture, Manassas, VA). A
plastic 96-well plate was precoated with either anti-CD3 at a
concentration of 0.01 µg/µL in NaHCO3 or NaHCO3 alone be-
fore addition of cells. The plate was incubated in a humidified
incubator containing 5% CO2 at 37°C for 4 h to facilitate bind-
ing of the antibody to the wells. Plates were washed with ster-
ile PBS, and 1.5 million cells in 100 µL of cell culture media
were added to their corresponding wells. Cells were incubated
for 18 h at 37°C to induce proliferation. Then 20 µL MTT
reagent was added to each well, mixed gently, and incubated
for approximately 4 h. The cells were permeabilized with 100
µL of detergent and incubated at room temperature for 2 h. The
plate was read at an absorbance of 570 nm, and absorbance val-
ues were background-corrected.

IL-2 secretion. IL-2 secretion into the culture media was
measured using a commercially available IL-2 ELISA kit from
R&D Systems (Minneapolis, MN). Stimulated and unstimu-
lated cells, prepared as described above for proliferation stud-
ies, were pelleted and their supernatants collected. The ELISA
was performed according to the manufacturer’s instructions.
IL-2 was quantified using IL-2 standards supplied by the man-
ufacturer of the kit and then reading the absorbance at 415 nm
using an UltraMarc plate reader (BioRad, Hercules, CA). All
samples were run in duplicate and the average absorbances
used for quantification.

PL mass analysis. Frozen T-lymphocytes were thawed and
the lipids extracted by the addition of 2-propanol (1 mL) to the
tube containing the cells. This was added to a test tube contain-
ing hexane (3 mL) and the original tube containing the cells
rinsed with another aliquot of 2-propanol (22). This results in a
quantitative single-phase extraction of cellular PL and neutral
lipids (23,24). The single-phase extract was thoroughly mixed,
and the residue pelleted by centrifugation. The lipid-containing
organic fraction was removed and concentrated to dryness
under nitrogen, and a known amount of solvent was added. The
samples were quantitatively spotted on a heat-activated What-
man LK6 TLC plate and developed in a solvent system con-
taining chloroform/methanol/acetic acid/water (60:30:3:1 by
vol). Individual bands corresponding to commercially prepared
standards were scraped into acid-washed tubes and analyzed
for phosphorus content. Phosphorus content was calculated by
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linear regression of a standard curve. A 1:1 ratio was used to
convert phosphorus to PL values except for cardiolipin (2:1)
because each PL contains only one phosphorus atom, except
cardiolipin, which contains two phosphorus atoms (25). 

The protein pellet was air-dried overnight and then incu-
bated with 0.2 M KOH at 65°C overnight to resolubilize the
proteins. Protein concentration was determined using a modi-
fied dye-binding assay with BSA for the standard curve (26).

Western immunoblotting. Stimulated or unstimulated T-lym-
phocytes were pelleted and lysed in 50 µL of lysis buffer con-
taining 5 mM Tris·HCl, 10 mM EDTA, 0.15 M NaCl, 0.1%
Tween 20, 1 µL/mL β-mercaptoethanol, and 7 µL/mL protease
inhibitors, pH 7.4. Lysates were centrifuged, and the protein-
containing supernatants were quantified using the BioRad Pro-
tein Assay. Protein was separated by SDS-PAGE using Bio-
Rad’s Kaleidoscope Prestained Standards for running stan-
dards. The protein was transferred onto PolyScreen
polyvinylidene difluoride membranes (NEN Life Sciences,
Boston, MA), and the membranes were blocked with 15 mL
blocking solution containing 25 mM Tris·HCl, 0.125 M NaCl,
4% nonfat milk, 0.1% Tween 20, pH 8.0. Membranes were
probed with antiACBP antibody (provided by Dr. Jens Knud-
sen). Bands were detected using an alkaline phosphatase-con-
jugated goat-anti-rabbit secondary antibody and CDP-Star
chemiluminescence reagent (NEN Life Sciences). The mem-
brane was visualized using autoradiography, and densitometry
was performed using a BioRad Gel Documentation System.
The data are presented as arbitrary units, which refer to the den-
sitometric (density) values obtained by the gel documentation
system. The membrane was also probed with an anti-cbl-b an-
tibody to control for lane loading variation.

Statistical analysis. Data were analyzed using one-way
ANOVA and significant differences determined using Tukey’s
multiple comparison test with GraphPad Prism software (San
Diego, CA). A P value that was <0.05 was considered signifi-
cantly different. An asterisk or different numbers of asterisks

represent a significant difference from any other group within
that experiment. Pearson’s correlation was used to determine
the correlation between ACBP, cardiolipin mass, and T-lym-
phocyte proliferation and IL-2 production. 

RESULTS

Diet and liver FA analysis. Table 1 shows that the Saff diet con-
tained 78% of its total FA as LA, with undetectable levels of α-
LNA, EPA, and DHA. There was no significant difference in the
total weight of the liver lipid between the diet groups. The Flax
diet contained 46% of its total FA as α-LNA and 28% as LA,
whereas EPA and DHA were undetectable. The Fish diet con-
tained 12% of its total FA as EPA, 12% as DHA, 22% as LA, and
trace amounts of α-LNA. Table 2 shows the impact of feeding
the different diets for 8 wk on the FA composition of the liver.
Livers from animals fed the Flax diet contained significantly
(P < 0.05) higher levels of LA (25%) when compared with the
Saff (20%) or Fish (16%) diet groups. The Flax diet was the
only diet that resulted in a significant accumulation of α-LNA
in the liver. Both the Flax and Fish diets were equally effective
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TABLE 1
FA Analysis of the Experimental Dietsa

Percent FA composition

FA Saff Flax Fish

Myristic acid (14:0) — — 8.56
Palmitic acid (16:0) 6.96 5.23 17.65
Palmitoleic acid (16:1) — — 10.00
Stearic acid (18:0) 1.65 2.00 2.52
Oleic acid (18:1) 13.48 17.01 12.25
Linoleic acid (18:2n-6) 77.91 28.81 22.58
Linolenic acid (18:3n-3) — 46.96 1.62
EPA (20:5n-3) — — 12.30
DHA (22:6n-3) — — 12.52
aSaff, safflower oil diet; Flax, flaxseed oil diet; Fish, fish oil diet.

TABLE 2
Dietary n-3 PUFA Alter Liver FA Compositiona

Percent FA composition

FA Saff Flax Fish

Myristic acid (14:0) 0.52 ± 0.04 0.52 ± 0.03 0.70 ± 0.01
Palmitic acid (16:0) 23.41 ± 0.50 20.55 ± 0.24* 24.78 ± 0.42
Palmitoleic acid (16:1) 2.46 ± 0.41 1.78 ± 0.13 2.48 ± 0.07
Stearic acid (18:0) 14.42 ± 0.39 12.57 ± 0.24 13.74 ± 0.23
Elaidic acid (18:1t) 6.46 ± 0.71 9.81 ± 0.37* 5.01 ± 0.18
Oleic acid (18:1c) 3.41 ± 0.12 2.25 ± 0.06 2.64 ± 0.08
Linoleic acid (18:2n-6) 19.69 ± 1.03 24.85 ± 0.80* 15.96 ± 0.19**
γ-Linolenic acid (18:3n-6) 0.35 ± 0.04 0 0
α-Linolenic acid (18:3n-3) 0 6.85 ± 0.76* 0.38 ± 0.02
Eicosadienoic acid (20:2) 0.38 ± 0.03 0 0
Eicosatrienoic acid (20:3n-6) 0.95 ± 0.16 0.80 ± 0.05 0.91 ± 0.03
Arachidonic acid (20:4n-6) 24.44 ± 0.77 11.06 ± 0.38* 9.99 ± 0.21*
EPA (20:5n-3) 0 5.21 ± 0.17* 7.52 ± 0.21**
DHA (22:6n-3) 3.52 ± 0.27 3.76 ± 0.09 15.91 ± 0.37*
aFor diet abbreviations see Table 1; n = 4 or 5; an asterisk or different numbers of asterisks represent
a significant difference from any other group within that experiment.



at reducing the arachidonic acid levels to 11 and 10%, respec-
tively, when compared with the 24% found in the Saff group.
The Flax and Fish diet groups contained similar levels of EPA,
which was undetectable in the Saff diet group. The Fish diet
group contained significantly (P < 0.05) more DHA (16%) than
the Saff and Flax diet groups, which contained approximately
4% DHA.  

T-lymphocyte function. Figure 1 shows that diet did not af-
fect spontaneous splenic T-lymphocyte proliferation in the ab-
sence of the anti-CD3 stimuli. Addition of anti-CD3 antibody
significantly (P < 0.05) increased T-lymphocyte proliferation,
which was blunted by approximately 20 and 35% in the Flax and
Fish diet groups, respectively. Figure 2 shows that, as would be
expected, IL-2 is not secreted by the T-lymphocytes into the cul-
ture media in the absence of stimulation with anti-CD3. Addi-
tion of anti-CD3 antibody significantly (P < 0.05) increased T-
lymphocyte IL-2 secretion, which was blunted by approximately
50 and 70% in the Flax and Fish diet groups, respectively.

Phospholipid mass in T-lymphocytes. Table 3 shows that
diet did not have a significant effect on PE, PC, PI, PS, or
sphingomyelin mass in splenic T-lymphocytes. The Fish diet
group had significantly (P < 0.05) greater PtdOH mass (21
nmol/mg protein) when compared with the Saff and Flax diets,
which had 13 and 7 nmol/mg protein, respectively. Fish and
Flax feeding significantly (P < 0.05) increased cardiolipin mass
to 15 and 7 nmol/mg protein, respectively, when compared
with the 3 nmol/mg protein found in the Saff group.

ACBP expression in T-lymphocytes. Figure 3A shows the
influence of stimulation and diet on ACBP expression in T-
lymphocytes. Feeding fish oil almost doubled ACBP expres-
sion, whereas flaxseed oil feeding increased ACBP protein ex-
pression by 50% when compared with the Saff diet group in
unstimulated T-lymphocytes. Stimulation increased ACBP ex-
pression by 25% but there was no significant effect of stimula-
tion in the Flax diet group. In contrast, stimulation significantly
(P < 0.05) decreased ACBP expression in the Fish diet group.
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FIG. 1. Dietary flaxseed and fish oil differentially inhibit T-lymphocyte
proliferation. Rats were fed a diet enriched in safflower oil (Saff), flaxseed
oil (Flax), or fish oil (Fish) for 8 wk. Splenic T-lymphocytes were isolated
and cultured with (Stimulated) or without (Unstimulated) anti-CD3 mono-
clonal antibody for 18 h. Proliferation was determined using the MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] dye uptake
test as described in the Materials and Methods section. Bars represent the
mean ± SEM of five individual rats. Different numbers of asterisks repre-
sent a significant difference from any other group within that experiment.

FIG. 2. Dietary flaxseed and fish oil inhibit T-lymphocyte interleukin-2
(IL-2) secretion. Rats were fed a diet enriched in safflower oil (Saff),
flaxseed oil (Flax), or fish oil (Fish) for 8 wk. Splenic T-lymphocytes were
isolated and cultured with (Stimulated) or without (Unstimulated) anti-
CD3 monoclonal antibody as described in the caption for Figure 1. After
24 h, culture supernatants were collected and IL-2 was quantified using
an ELISA kit as described in the Materials and Methods section. Bars rep-
resent the mean ± SEM of five individual rats. Different numbers of aster-
isks represent a significant difference from any other group within that ex-
periment.

TABLE 3
Influence of Dietary n-3 PUFA on T-Lymphocyte Phospholipid Massa

Phospholipid composition (nmol/mg protein)

Phospholipid Saff Flax Fish

Cardiolipin (CL) 2.7 ± 2.3 7.1 ± 2.8** 14.6 ± 2.6*
Phosphatidic acid 13.2 ± 5.9 7.2 ± 3.9 21.1 ± 4.1*
Phosphatidylethanolamine 75.3 ± 8.4 72.5 ± 7.4 76.1 ± 3.8
Phosphatidylinositol 24.0 ± 2.5 18.9 ± 3.4 27.4 ± 3.9
Phosphatidylserine 29.7 ± 6.7 27.5 ± 3.4 34.1 ± 7.5
Phosphatidylcholine 175.4 ± 23.4 155.5 ± 16.8 172.2 ± 21.9
Sphingomyelin 148.5 ± 34.6 171.3 ± 26.5 149.2 ± 23.2

Total 468.8 ± 83.8 459.8 ± 64.1 494.8 ± 67.0
aFor diet abbreviations see Table 1. An asterisk or different numbers of asterisks represent a signifi-
cant difference from any other group within that experiment.
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Figure 3B serves as lane-loading controls for Figure 3A since
cbl-b expression is known to not change with CD3 stimulation
(19). Overall, there was a significant positive correlation
(0.864, P < 0.001) between diet, proliferation, and ACBP lev-
els. There also was a significant negative correlation (–0.689,
P < 0.004) between diet, ACBP levels, and cardiolipin mass.  

DISCUSSION

Our results showing that both the Flax and Fish oil diets de-
creased liver arachidonic acid levels to the same extent are sim-
ilar to those reported in the spleens of chickens (27), rats (28),
and mice (29). These results are different from a previous report
in which the feeding of canola oil, also enriched in α-LNA, did

not significantly affect arachidonic acid levels in the liver (30).
The reason for this difference is most likely due to the fact that
the authors fed the rats for only 6 d, whereas our study fed the
rats for 8 wk. This is important because it explains how both
Flax and Fish feeding reduces prostaglandin production to a
similar extent in spleen lymphocytes (28). Decreasing arachi-
donic acid-derived prostaglandin production is a well-known
mechanism by which n-3 PUFA are thought to regulate immune
function. However, decreased prostaglandin production cannot
be the primary mechanism by which the Flax and Fish diets in-
hibit T-lymphocyte function in our system because the Fish diet
was more potent than the Flax diet at suppressing T-lymphocyte
IL-2 secretion and subsequent proliferation. This explanation is
supported by our findings that feeding arachidonic acid to mice
did not affect splenic lymphocyte function (5).  

The dietary Flax group had a higher LA content in their livers
when compared with the Saff diet-fed group. This may be due to
the conversion of LA to arachidonic acid in the Saff diet group,
as suggested by the higher arachidonic acid content in the livers
of the Saff diet group, which was not found in the Flax or Fish
diet groups. The Flax diet group also had a slightly higher LA
content than the Fish  diet group, which may be due to the higher
LA content in the Flax vs. the Fish diet. Interestingly, the livers
of all three diet groups contained significant quantities of the
trans FA elaidic acid. Elaidic acid was most likely already pres-
ent in the livers prior to the start of the study and could have
come from the commercial chow the rats were initially fed, since
trans FA were not detected in the semipurified diets used in this
study and rats cannot endogenously make trans FA.

The Flax and Fish diets selectively increased cardiolipin
mass, whereas only the Fish diet increased PtdOH mass. In-
creasing cardiolipin mass suggests that the n-3 PUFA may be
acting directly on the mitochondria since cardiolipin is found
primarily in mitochondria. The ability of dietary n-3 PUFA to
regulate mitochondrial cardiolipin FA unsaturation selectively
has been shown in colonocytes and is correlated with increased
caspase-3 activity, suggesting that the n-3 PUFA have antipro-
liferative effects (31). This is in agreement with our findings
that the results of both Flax and Fish feeding are antiprolifera-
tive with respect to T-lymphocytes. Furthermore, the Fish diet,
when compared with the Flax diet, was more potent at reduc-
ing T-lymphocyte proliferation and was also able to increase
PtdOH mass, which is the immediate precursor PL to cardio-
lipin. This is the first study to report the impact of dietary n-3
PUFA feeding on T-lymphocyte phospholipid mass. The mech-
anism by which Fish and Flax diet feeding increases cardiolipin
mass is unknown but may involve up-regulation of mitochon-
drial glycerol-3-phosphate acyltransferase (mtGPAT). The mt-
GPAT enzyme catalyzes the rate-limiting step in PtdOH biosyn-
thesis (32) and is thus a likely target of dietary n-3 PUFA feed-
ing. Indeed, mtGPAT gene expression was shown to be regulated
by hormones, dietary starvation, and high carbohydrate feeding
in liver and adipocytes (33). Specifically, n-3 PUFA feeding was
shown to increase liver phospholipid mass, although an increase
in mtGPAT activity was not observed (34). In another report,
both n-3 and n-6 PUFA feeding increased mtGPAT activity in
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FIG. 3. Acyl-CoA binding protein (ACBP) expression is differentially regu-
lated in resting and activated T-lymphocytes. Rats were fed a diet en-
riched in safflower oil (Saff), flaxseed oil (Flax), or fish oil (Fish) for 8 wk.
Splenic T-lymphocytes were isolated and cultured with (Stimulated) or
without (Unstimulated) anti-CD3 monoclonal antibody as described in
the caption for Figure 1. After 30 min, T-lymphocytes were harvested and
total cellular protein was extracted and subjected to Western im-
munoblotting for ACBP (A) or cbl-b (B) as described in the Materials and
Methods section. Bars represent the mean ± SEM of 4 or 5 individual rats.
An asterisk represents a significant difference from any other group
within that experiment.



rat liver (35). The reason for this discrepancy is most likely due
to differences in dietary lipid levels fed and timing of tissue
collection; however, these reports do set the precedent for n-3
PUFA feeding to alter mtGPAT activity and phospholipid mass.
The influence of n-3 PUFA feeding on T-lymphocyte mtGPAT
activity is currently unknown. 

The increase in cardiolipin and PtdOH mass was correlated
with increased ACBP expression, with the Fish diet being the
most potent in unstimulated T-lymphocytes. This is consistent
with evidence showing that ACBP can increase the activities
of both the microsomal (36) and mitochondrial isoforms (15)
of GPAT. The Flax and Fish diet feeding increased ACBP ex-
pression in unstimulated T-lymphocytes; however, Flax and
Fish diet feeding prevented the increase in ACBP expression
in stimulated T-lymphocytes. It is not unusual that the changes
in ACBP in unstimulated T-lymphocytes did not have an im-
pact on proliferation or IL-2 secretion in unstimulated cultures.
T-lymphocytes do not proliferate or secrete IL-2 without ap-
propriate antigenic stimulation (i.e., anti-CD3); therefore, it is
not surprising that the increased ACBP expression in unstimu-
lated cultures does not alter proliferation or IL-2 secretion. The
differential influence of n-3 PUFA feeding may be related to
how the ACBP gene is regulated. The ACBP promoter con-
tains a binding site for activating protein-1 (AP-1), which is a
fos/jun heterodimer, and peroxisomal proliferator-activated re-
ceptor γ (PPARγ) (37). Activation of the rat ACBP gene has
been shown to occur in response to PPARγ in adipocytes (38).
Recent evidence suggests that PPARγ may be a potent anti-
inflammatory agent inhibiting T-lymphocyte proliferation
(39,40). Since n-3 PUFA are PPARγ ligands, the increase in
ACBP expression would be expected in T-lymphocytes. The
lack of induction of ACBP expression in response to stimula-
tion in Flax- and Fish-diet-fed rat T-lymphocytes may be due
to reduced activation of the AP-1 transcription factor. It is well
known that dietary n-3 PUFA feeding suppresses T-lympho-
cyte signal transduction (5). This study is the first report to
show the rapid (i.e., 30-min) induction of ACBP expression,
indicating that it may play an important role in cell function, as
has been suggested by others (11–13).   

In summary, we have shown that dietary n-3 PUFA increase
cardiolipin and PtdOH mass in resting T-lymphocytes, which
is correlated with increased ACBP expression. Furthermore,
we have shown that ACBP expression can be increased follow-
ing T-lymphocyte activation and that this response is blunted
by dietary n-3 PUFA. Regulation of ACBP expression and
phospholipid mass may be a novel mechanism by which di-
etary n-3 PUFA exert their anti-inflammatory effects on T-lym-
phocytes.
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ABSTRACT: It has been previously established that trans-10,cis-
12 CLA is a potent inhibitor of milk fat synthesis. Although the
mechanism of this action is not completely understood, it has
been speculated that eicosanoid-like metabolites of this isomer
formed by the activity of tissue desaturases may be responsible
for its activity. The objective of this study was to investigate the
effects of an enrichment containing an 18:3 conjugated diene,
produced in the metabolism of trans-10,cis-12 CLA, on milk fat
synthesis. Three rumen-fistulated Holstein cows (210 ± 8 d in
milk) were randomly assigned in a 3 × 3 Latin square experiment.
Treatments were (i) control, (ii) trans-10,cis-12 CLA supplement
(2.1 g/d; positive control), (iii) enrichment providing two conju-
gated diene 18:3 isomers (2.6 g/d of cis-6,trans-10,cis-12 and 4.0
g/d of cis-6,trans-8,cis-12) and trans-10,cis-12 CLA (2.1 g/d).
Treatments were abomasally infused for 5 d at 4-h intervals, and
there was a 7-d interval between periods. Milk yield, dry matter
intake, and milk protein yield were unaffected by treatments. In
contrast, the trans-10,cis-12 CLA supplement reduced milk fat
yield by 27%, whereas the supplement enriched with conjugated
diene 18:3 isomers (treatment iii) had no effect on milk fat yield
beyond that attributable to its trans-10,cis-12 CLA content. The
transfer efficiency of trans-10,cis-12 CLA into milk fat was 25 and
24% for treatments ii and iii, respectively. At the same time, the
abomasally infused conjugated diene 18:3 isomers were trans-
ferred to milk fat with an efficiency of 33 and 41% for cis-6,trans-
10,cis-12 and cis-6,trans-8,cis-12 18:3, respectively. Overall,
short-term abomasal infusion of the conjugated diene 18:3 iso-
mers had no effect on milk fat synthesis, thereby offering no sup-
port for an involvement of metabolites of trans-10,cis-12 CLA in
the regulation of milk fat synthesis.

Paper no. L9525 in Lipids 40, 89–95 (January 2005).

CLA have a number of biological effects, one of which in-
volves the regulation of lipid metabolism. Supplementation of
CLA has been shown to reduce milk fat content in lactating
species including cows, pigs, and nursing women (1). Dietary
CLA also reduces fat deposition in a number of animal growth
models such as mice, rats, and pigs (2). Specifically, the trans-

10,cis-12 CLA isomer is involved in the inhibition of milk fat
synthesis (3) as well as the reduction of body fat accretion (4).
However, the mechanism by which trans-10,cis-12 CLA ef-
fects lipid metabolism is not fully understood.

Many of the biological effects of PUFA can be attributed to
FA intermediates formed during metabolism; a specific exam-
ple is the formation of eicosanoids from n-3 and n-6 FA (5).
Therefore, it is possible that the trans-10,cis-12 CLA isomer
per se does not regulate lipid metabolism, but rather a specific
FA formed during its metabolism may be responsible for the
biological activity. Several of the proposed theories for the
mechanisms of action of CLA involve their metabolism. These
theories include: interfering with the synthesis and function of
eicosanoids, the activation of peroxisome proliferator-activated
receptor γ by metabolites of CLA isomers, and the ability of
CLA metabolites to act as eicosanoids (6,7).   

Metabolites of CLA isomers have been identified in CLA-sup-
plemented animals (7,8), and the trans-10,cis-12 CLA isomer has
been shown to be elongated and desaturated in a manner similar
to linoleic acid (7–10). Although it has been postulated that
trans-10,cis-12 CLA acts directly to alter lipid metabolism
(1,11), the involvement of metabolites of trans-10,cis-12 CLA
in the regulation of lipid metabolism has not been directly eval-
uated. In an attempt to better understand the role of CLA
metabolites in situations where trans-10,cis-12 CLA causes a
reduction in milk fat synthesis, an enrichment containing cis-6,
trans-10,cis-12 18:3 was provided to dairy cows and effects on
milk fat synthesis were examined. This partially conjugated
triene is formed by ∆6-desaturation in the initial step in the me-
tabolism of trans-10,cis-12 CLA; following the example of
Banni (7), we will refer to it as a conjugated diene 18:3 (CD
18:3).

EXPERIMENTAL PROCEDURES

The Cornell University Institutional Animal Care and Use
Committee approved all procedures involving animals. Three
rumen-fistulated lactating Holstein cows [210 ± 8 d in milk
(DIM); mean ± SE] were randomly assigned in a 3 × 3 Latin
square experiment. Cows were housed in tie stalls at the Cor-
nell University Large Animal Teaching and Research Unit and
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fed a total mixed ration formulated to meet or exceed nutrient
requirements for energy, protein, minerals, and vitamins (12)
using the Cornell Net Carbohydrate and Protein System (13).
Chopped alfalfa was the major forage component, with cracked
corn as the major concentrate (Table 1). Cows were fed ad libi-
tum with equal portions of feed offered at 0700 and 1900 h
daily. Dry matter intake (DMI) was measured daily, and water
was provided at all times. 

Cows were milked at 0700 and 1900 h daily. Yield was de-
termined and samples were taken from each milking. One
aliquot was stored with preservative (bronopol tablet; D&F
Control System, San Ramon, CA) at 4°C until it was analyzed
for fat and protein content by IR spectroscopy (Dairy One,
Ithaca, NY) using methods detailed by Bernal-Santos et al.
(14). A second aliquot was stored without preservative at
–20°C until analyzed for FA composition. 

Ethanol was used as a carrier for the FA supplements, and
infusates provided <100 mL/d of ethanol. Treatments were
abomasal infusion of (i) ethanol (control), (ii) trans-10,cis-12
CLA (2.1 g/d; positive control), and (iii) enrichment providing
two CD 18:3 isomers (2.6 g/d of cis-6,trans-10,cis-12 18:3 and
4.0 g/d of cis-6,trans-8,cis-12 18:3) plus trans-10,cis-12 CLA
(2.1 g/d). The composition of the supplements (Natural ASA,
Hovdebygda, Norway) is provided in Table 2. The CD 18:3 en-
richment was made by a mild alkaline isomerization procedure
of a concentrate of γ-linolenic acid. On isomerization of
linoleic acid, this procedure yields approximately 50% each of
cis-9,trans-11 and trans-10,cis-12 CLA, and less than 1% each
of cis-cis and trans-trans isomers. The CD 18:3 supplement
was therefore expected to contain predominantly cis-6,
trans-8,cis-12 and cis-6,trans-10,cis-12 18:3 FA.  

Identification of the specific CD 18:3 isomers present in the
enrichment was accomplished by first isolating the FA by

HPLC and then determining their structure by GC/tandem MS
(GC/MS/MS) analysis. HPLC fractionation and quantitative
analysis of CD 18:3 were carried out using a Waters 2995 chro-
matographic system (Waters Associates, Milford, MA)
equipped with a Waters 2695 PDA detector (acquiring 200–300
nm), and three ChromSpher 5 Lipids columns (each 4.6 mm
i.d.; length 250 mm stainless steel; 5 µm particle size; Varian
Inc., Walnut Creek, CA) in series maintained at 20°C. CD 18:3
were eluted with 50:50 (% by vol) hexane/0.4% acetonitrile in
an isooctane mobile phase at 1.0 mL/min. Single chromato-
grams were extracted at 233 nm. After identifying the CLA iso-
mers present in the CD 18:3 enrichment by comparison with
reference material, the other two major peaks showing charac-
teristic UV conjugated diene spectra were fractionated (Fig. 1).
Once separated, fractions were subjected to acetontrile CI
MS/MS as described in detail previously (15). Single-stage MS
data revealed that the two FAME were indeed partially conju-
gated 18:3 FA based on the [M + 54 – 32]/[M + 54] ratios.
MS/MS fragments for both CD 18:3 isomers were observed at
m/z 276 and 232, establishing that double bonds were in the 6-
and 12-positions, with an additional double bond internal to
these positions. A fragment at m/z 222 showed that the internal
double bond in one CD 18:3 isomer was in the 8-position,
whereas a fragment at m/z 178 for the other isomer demon-
strated the internal double bond was in the 10-position. The in-
tensity of peaks was consistent with assignment for both FAME
as cis-trans-cis. The two CD 18:3 isomers were thus assigned
as cis-6,trans-10,cis-12 and cis-6,trans-8,cis-12.

Infusates were prepared from the same source each experi-
mental period and stored under nitrogen gas at 4°C until they
were infused during the experimental period. The trans-10,cis-
12 CLA supplement and the CD 18:3 supplement treatments
were targeted to provide an equal amount of trans-10,cis-12
CLA. Average amounts of CLA isomers provided by the treat-
ments over the three infusion periods are presented in Table 3.
Treatment periods were 5 d in duration, and treatments were
abomasally infused six times a day at 4-h intervals. At each
time point, equal volumes were infused into the abomasum via
0.5 cm (i.d.) polyvinyl chloride tubing that was passed through
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TABLE 1
Ingredient and Chemical Composition of Diet

Composition Concentration

Ingredient (% of dry matter)
Alfalfa hay 54.1
Cracked corn 31.2
Expeller soybean meal 8.3
Cottonseed 3.1
Urea 0.3
Dicalcium phosphate 0.4
Salt 0.6
Vitamin and mineral mixa 2.0

Chemical analysis (% of dry matter)
Crude protein 18.6
Crude fat 3.8
NDFb 35.2
ADFc 24.3

NEL
d (Mcal/kg dry matter) 1.57

aContained 20.0% Cl, 18.0% Na, 12.0% Ca, 8.0% S, 7.5% Mg, 1.0% K,
0.48% Zn, 0.40% Mn, 0.29% Fe, 0.07% Cu, 0.01% P, 0.006% Co, 550 IU/g
of vitamin A, 132 IU/g of vitamin D, and 297 IU/g of vitamin E.
bNDF = neutral detergent fiber.
cADF = acid detergent fiber.
dNEL = net energy of lactation.

TABLE 2 
FA Profile of Conjugated FA Supplementsa

10,12 CLA CD 18:3
FA (%) supplement supplement

16:0 <0.1 0.2
18:1 c-9 0.5 4.0
18:2 c-9,c-12 <0.1 16.9
CLA
18:2 c-9,t-11 3.4 11.8
18:2 t-10,c-12 92.5 11.7
Other CLA 3.3 <0.1

Conjugated diene 18:3 
18:3 c-6,t-10,c-12 ND 14.6
18:3 c-6,t-8,c-12 ND 21.8

Other <0.1 18.9
aTotal compositions of supplements were determined using GC analysis,
whereas HPLC and GC/MS/MS analysis were used to separate and identify
the conjugated diene (CD) 18:3 isomers. ND = not detected.



the rumen fistula and sulcus omasi as described by Spires et al.
(16). Abomasal infusion of supplements was used as a conve-
nient experimental means to prevent rumen biohydrogenation
of the PUFA contained in the supplements and to accurately
account for the quantity of FA supplied by the different treat-
ments. Treatment periods were followed by a 7-d washout to
minimize carryover effects in the next treatment period.

FA analysis. Milk fat was extracted using the method of
Hara and Radin (17), and FAME were prepared by base-cat-
alyzed transmethylation according to Christie (18) with modi-
fications by Chouinard et al. (19). FAME were quantified using
a gas chromatograph (GC system HP 6890+; Hewlett Packard,
Wilmington, DE) equipped with a CP-SIL 88 fused-silica cap-
illary column [100 m × 0.25 mm (i.d.) with 0.2-µm film thick-
ness; Varian, Inc.]. GC conditions were as described previously
(20). FA peaks were identified using pure methyl ester stan-
dards (Nu-Chek-Prep, Elysian, MN). Additional standards for
CLA isomers were obtained from Natural ASA, and a butter
oil reference standard (CRM 164; Commission of the European
Community Bureau of References, Brussels, Belgium) was

used to determine recoveries and correction factors for individ-
ual FA. In addition, a milk fat sample from each cow receiving
the CD 18:3 supplement was analyzed by HPLC using the con-
ditions stated previously to determine the percentages of the
two CD 18:3 isomers present in the single peak identified by
GC.

Statistical analysis. Data were statistically analyzed as a 3 ×
3 Latin square design using the PROC MIXED procedure of
SAS (21) with the model: Yijk = µ + Ti + Rj + Ck + Eijk where
Yijk is observation, µ is overall mean, Ti is treatment (i = 1, 2,
and 3), Rj is period (j = 1, 2, and 3), Ck is cow (k = 1, 2, and 3),
and Eijk is residual error. Values presented are least square
means and significance was set at P < 0.05. 

RESULTS AND DISCUSSION

The metabolism of CLA to conjugated intermediates has been
shown in mice (22), rats (10,23–25), and lambs (26). Trans-
10,cis-12 CLA is a potent inhibitor of milk fat synthesis. and
its metabolism involves an initial desaturation by ∆6-desaturase
to give a CD 18:3, followed by an elongation and desaturation
producing CD 20:3 and CD 20:4, respectively (Fig. 2). These
can be further metabolized in the same manner as linoleic acid
to eicosanoid-like compounds. In the present study, we exam-
ined the effect of a CD 18:3 enrichment containing cis-6,trans-
10,cis-12 to determine whether this metabolite of trans-10,cis-
12 CLA was involved in the mechanism of the regulation of
milk fat synthesis. Owing to the lack of pure cis-6,trans-10,cis-
12 18:3, a FA enrichment was used that also contained a sec-
ond CD 18:3 isomer (cis-6,trans-8,cis-12) as well as trans-
10,cis-12 CLA. The trans-10,cis-12 CLA supplement (positive
control treatment) and the CD 18:3 supplement were supplied
in quantities so that each provided 2.1 g/d of trans-10,cis-12
CLA. This dose of trans-10,cis-12 CLA is far less than the
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FIG. 1. Partial chromatogram demonstrating the HPLC separation of the
two conjugated diene (CD) 18:3 isomers present in the CD 18:3 supple-
ment. 

TABLE 3
Quantities of FA Provided by Abomasal Infusion of Supplementsa

10,12 CLA CD 18:3
FA (g/d) supplement supplement

16:0 <0.1 <0.1
18:1 c-9 0.1 0.7
18:2 c-9,c-12 <0.1 3.0
CLA
18:2 c-9,t-11 <0.1 2.1
18:2 t-10,c-12 2.1 2.1
Other CLA <0.1 <0.1

CD 18:3
18:3 c-6,t-10,c-12 2.6
18:3 c-6,t-8,c-12 4.0

Other <0.1 3.4
aFor abbreviation see Table 2.

FIG. 2. Metabolic pathway for the desaturation and elongation of
linoleic acid and trans-10,cis-12 CLA. Adapted from Banni (7). For ab-
breviation see Figure 1.



amount (~10 g/d) required to achieve nadir for the reduction in
milk fat yield based on the dose–response relationships described
previously (27). Therefore, if the mechanism of action for trans-
10,cis-12 CLA is due to this initial metabolite (cis-6,trans-10,cis-
12 18:3) or the formation of subsequent metabolites, additional
milk fat depression should have occurred in the treatment group
receiving the CD 18:3 supplement. This was not observed, and
overall the treatment groups receiving the trans-10,cis-12 CLA
supplement and the CD 18:3 supplement had similar reductions
in milk fat content and milk fat yield (Table 4). Further, the mag-
nitude of the reductions in milk fat yield observed for the trans-
10,cis-12 CLA supplement and CD 18:3 supplement is consis-
tent with results previously reported for abomasal infusion of
pure trans-10,cis-12 CLA (27,28).   

The temporal pattern for milk fat yield illustrated a progres-
sive reduction for cows receiving the FA supplements, while
no change in milk fat yield was observed for the control (Fig.
3). On termination of the supplements, milk fat yield returned
to normal for both the trans-10,cis-12 CLA and CD 18:3 treat-
ment groups. In contrast to effects on milk fat, FA supplements
had no effect on DMI, milk yield, or milk protein (Table 4).
The lack of change in these variables is consistent with other
studies that have abomasally infused CLA isomers and ob-
served a reduction in milk fat synthesis (3,19,27–32).

The FA composition of the milk fat from the three treatment
groups is presented in Table 5. The observed decrease in milk
fat yield for the positive control and the CD 18:3 treatments
was the result of reductions in most FA. Milk FA composition
was shifted owing to a greater reduction of de novo synthesized
FA, resulting in a relative increase in the proportion of pre-
formed long-chain FA. Shifts in milk fat composition are com-
parable to results previously observed in studies in which CLA
caused a reduction in milk fat synthesis (3,19,28–33). Consis-
tent within these studies was a reduced secretion of all milk FA,
with a greater reduction of the FA containing ≤16 carbons re-
sulting in a proportional increase of the FA of >16 carbons.  

Partial chromatograms of representative milk fat samples
from the three treatment groups depicting the elution of the
CLA and partially conjugated 18:3 isomers are shown in Fig-

ure 4. The partially conjugated 18:3 isomers present in the CD
18:3 supplement eluted as a single peak under our GC condi-
tions, and this peak was not present in the milk fat of either the
control or trans-10,cis-12 CLA treatment groups (Fig. 4).
Clearly, the CD 18:3 isomers were taken up by the mammary
gland and incorporated into milk fat. Milk fat from each cow
receiving the CD 18:3 supplement was further analyzed by
HPLC and GC/MS/MS to determine the isomer mixture in the
single CD 18:3 peak identified by GC analysis. Based on these
analyses, 35% of the peak was cis-6,trans-10,cis-12 18:3, and
the other 65% was cis-6,trans-8,cis-12 18:3. By using these
values, it was determined that the abomasally infused dose was
transferred to milk fat with an efficiency of 33% for cis-6,trans-
10,cis-12 18:3 and 41% for cis-6,trans-8,cis-12 18:3. Milk fat
content of the trans-10,cis-12 CLA isomer was at the limit of
detection in the control group. However, as expected, a similar
increase in the milk fat content of this isomer was observed
when cows received the trans-10,cis-12 CLA supplement
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TABLE 4
Performance of Lactating Dairy Cows During Abomasal Infusionsa

Treatment

10,12 CLA CD 18:3

Variable Control Supplement Supplement SEM P b

Dry matter intake (kg/d) 23.3 21.8 21.3 1.1 0.50
Milk (kg/d) 24.4 25.9 25.3 1.2 0.24
Milk fat
% 3.11a 2.11b 2.25b 0.10 <0.001
kg/d 0.766a 0.546b 0.568b 0.057 0.01

Milk protein
% 2.68 2.72 2.76 0.13 0.27
g/d 0.649 0.701 0.699 0.039 0.17

aValues represent an average of day 5 of abomasal infusion of FA supplements.
bStatistical probability of treatment effects. Means within a row with different superscripts differ. 

FIG. 3. Temporal pattern of milk fat yield during abomasal infusion of
FA supplements. Infusions were for 5 d and are indicated by the dotted
lines. Values represent means from three cows; SEM = 0.06 kg/d.



(0.11% of total FA) and the CD 18:3 supplement (0.10% of
total FA) (Table 5). These increases reflect similar transfer effi-
ciencies for the trans-10,cis-12 CLA isomer into milk fat from
the trans-10,cis-12 CLA supplement (mean = 25%, range =
20–29%) and the CD 18:3 supplement (mean = 24%, range =
19–27%). In a summary of six studies, de Veth et al. (27) re-
ported an average transfer efficiency of 22% for abomasally in-
fused trans-10,cis-12 CLA. Thus, the transfer of trans-10,cis-
12 CLA into milk fat is less than that observed for the two CD
18:3 isomers. This difference cannot be accounted for by the
metabolism of trans-10,cis-12 CLA to cis-6,trans-10,cis-12
18:3, because this partially conjugated 18:3 isomer was not pres-
ent in the milk fat of the control or the treatment group receiv-
ing the trans-10,cis-12 CLA supplement (Fig. 4).

The desaturase index comprises four ratios of FA that repre-
sent a proxy for the ∆9-desaturase enzyme in the mammary
gland (1). These ratios were not different among treatment
groups, with the exception of an increase in the ratio of cis-
9,trans-11 CLA to trans-11 18:1 observed when cows received
the CD 18:3 supplement (Table 5). This increase was expected
due to the presence of cis-9,trans-11 CLA isomer in the CD
18:3 supplement (Table 2), which resulted in an increase of this
CLA isomer in milk fat (Table 5). Previous studies involving
growing rodents have demonstrated that the trans-10,cis-12
CLA isomer affects both enzyme activity and gene expression
for ∆9-desaturase (34). High doses of trans-10,cis-12 CLA
have also been noted to alter the milk fat desaturase index in
dairy cows (1,35). However, the present study is similar to others
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TABLE 5
Composition of Milk Fat During Abomasal Infusionsa

Treatment

10-12 CLA CD 18:3

FA (%) Control Supplement Supplement SEM Pb

4:0 5.03 5.00 4.94 0.45 0.93
6:0 1.95a 1.52b 1.64b 0.13 <0.001
8:0 0.91a 0.64b 0.73c 0.06 <0.001
10:0 1.81a 1.34b 1.46c 0.11 <0.001
12:0 2.01a 1.73b 1.82c 0.10 <0.001
14:0 9.07a 8.36b 8.37b 0.34 <0.001
14:1 0.79a 0.68b 0.69b 0.12 0.03
15:0 0.89c 0.97a 0.94b 0.02 <0.001
16:0 25.65a 23.53b 22.90b 0.72 <0.001
16:1 1.14 1.06 1.02 0.07 0.22
17:0 0.52b 0.61a 0.59a 0.02 <0.001
18:0 13.43 14.20 14.16 0.79 0.15
18:1 t-6-8 0.36c 0.44a 0.39b 0.01 <0.001
18:1 t-9 0.31b 0.34a 0.34a 0.02 0.01
18:1 t-10 0.48 0.50 0.51 0.04 0.36
18:1 t-11 1.58 1.68 1.72 0.17 0.15
18:1 t-12 0.56 0.57 0.56 0.03 0.81
18:1 c-9 26.93b 29.48a 28.94a 1.14 <0.001
18:2 c-9,c-12 2.83c 3.35b 3.72a 0.25 <0.001
18:2 c-9,t-11 0.65b 0.67b 0.85a 0.07 <0.001
18:2 t-10,c-12 <0.01b 0.11a 0.10a 0.003 <0.001
18:3 c-9,c-12,c-15 0.39b 0.42b 0.46a 0.02 0.005
18:3 c-6,t-10,c-12 <0.01b <0.01b 0.17a 0.01 <0.001
18:3 c-6,t-8,c-12 <0.01b <0.01b 0.32a 0.01 <0.001
20:0 0.11 0.11 0.11 0.01 0.69
Other 2.61 2.70 2.68 0.06 0.41

Summation by sourcec

<C16 22.46a 20.24b 20.58b 1.03 <0.001
C16 + C16:1 26.79a 24.58b 23.92b 0.77 <0.001
>C16 50.75b 55.17a 55.48a 1.73 <0.001

Desaturase index
14:1/14:0 0.09 0.08 0.08 0.01 0.67
16:1/16:0 0.04 0.04 0.04 0.002 0.85
18:1/18:0 2.04 2.08 2.05 0.15 0.86
c9,t11 CLA/18:1 t11 0.42b 0.40b 0.49a 0.02 <0.001

aValues represent an average of day 5 of abomasal infusion of FA supplements.
bStatistical probability of treatment effects. Means within a row with different superscripts differ.
cFA <C16 originate from de novo synthesis, FA >C16 are preformed FA taken up by the mammary gland, and C16 + C16:1 FA
come from both de novo and preformed sources.



in that low doses of trans-10,cis-12 CLA do not alter the desat-
urase index in the milk fat (14,28).

Overall, abomasal infusion of trans-10,cis-12 CLA caused
a reduction in milk fat synthesis that was consistent with previ-
ous studies. A greater reduction in milk fat synthesis was not
observed for the treatment group receiving the CD 18:3 sup-
plement. This indicates that despite being taken up and incor-
porated into milk fat, neither the ∆6 desaturation product of
trans-10,cis-12 CLA (cis-6,trans-10,cis-12 18:3) nor the other
CD 18:3 isomer present in the supplement (cis-6,trans-8,cis-12
18:3) had any effect on milk fat synthesis. Therefore, these data
support a mechanism of action for trans-10,cis-12 CLA involv-
ing this specific isomer, per se, in the reduction of milk fat syn-
thesis, and they provide no support that the mechanism in-
volves a metabolite of trans-10,cis-12 CLA.
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ABSTRACT: The FA composition of 12 strains of marine aero-
bic anoxygenic phototrophic bacteria belonging to the genera
Erythrobacter, Roseobacter, and Citromicrobium was investi-
gated. GC–MS analyses of different types of derivatives were per-
formed to determine the structures of the main FA present in these
organisms. All the analyzed strains contained the relatively rare
11-methyloctadec-12-enoic acid, and three contained 12-methyl-
octadec-11-enoic acid, which has apparently never been re-
ported before. High amounts of the very unusual octadeca-5,11-
dienoic acid were present in 9 of the 12 strains analyzed. A FA
containing a furan ring was detected in three strains. Analytical
data indicated that this FA was 10,13-epoxy-11-methyloctadeca-
10,12-dienoic acid. A very interesting enzymatic peroxidation of
the allylic carbon 10 of cis-vaccenic acid was observed in three
strains. Deuterium labeling and GC–MS analyses enabled us to
demonstrate that this enzymatic process involves the initial dioxy-
genase-mediated formation of 10-hydroperoxyoctadec-11(cis)-
enoic acid, which is then isomerized to 10-hydroperoxyoctadec-
11(trans)-enoic acid and converted to the corresponding hydroxy-
acids and oxoacids. Different biosynthetic pathways were
proposed for these different compounds. 

Paper no. L9671 in Lipids 40, 97–108 (January 2005).

It has long been known that various forms of bacteriochlorophyll
(BChl) are present in prokaryotes, which perform anoxygenic
photosynthesis under anaerobic conditions. In 1978, however,
BChl a was detected in three strains of obligate aerobic bacteria
(1,2). Since then, several strains of aerobic bacteria containing
BChl a have been reported [for reviews see Shimada (3) and
Yurkov and Beatty (4)]. The novel aspect of this increasingly
large group of bacteria is that they are strict aerobes unable to
grow under anaerobiosis. Apparently, these organisms, which
are widely known as aerobic anoxygenic phototrophs (AAP) (4),
might represent an evolutionary transient phase from anaerobic
phototrophs to aerobic heterotrophs (3). 

Until recently, AAP were thought to be confined only to spe-
cialized niches such as the surface of seaweed, coastal sands,
cyanobacterial mats, and water in high tidal zones (5,6). How-
ever, in 1999, a significant activity of anoxygenic photosynthe-

sis was discovered in the open ocean by BChl a fluorescence
emission measurement and was attributed to the presence of
AAP (7). Later, the presence of AAP was reported from the eu-
photic zone of various marine environments (8–11). 

Little is known about AAP diversity. All the marine AAP
isolates reported to date have been classified as members of
four genera: Erythrobacter, Roseobacter, Citromicrobium, and
Roseibium (6,12–15). Phylogenetically, the Erythrobacter and
Citromicrobium genera belong to the Sphingomonadaceae
family (α-4 subclass of the Proteobacteria), and the Roseobac-
ter and Roseibium genera belong to the Rhodobacteriaceae
family (α-3 subclass of the Proteobacteria). 

In the present work, we analyzed the lipid composition of sev-
eral isolates of marine AAP belonging to the Erythrobacter,
Roseobacter, and Citromicrobium genera. The structures of FA
were determined by GC–MS analysis of different derivatives. 

MATERIALS AND METHODS 

Organisms. Twelve strains containing functional bacterial pho-
tosynthetic reaction centers were isolated from diverse marine
environments (Table 1). Isolation and characterization of these
strains were described previously (10,15). The isolates were
grown under fully aerobic conditions exposed to a light–dark
cycle (12/12 h) at 23°C. The cultures were inoculated into Er-
lenmeyer flasks containing an organic enriched seawater
medium supplemented with 0.5 g peptone and 0.1 g yeast ex-
tract per liter (15). The cells were harvested in a stationary
phase by centrifugation at 10,000 × g.

Alkaline hydrolysis. Saponification was carried out on ap-
proximately 15 mg (dry weight) of wet cells of AAP; 25 mL of
water, 25 mL of methanol, and 2.8 g of potassium hydroxide
were added and the mixture was saponified by refluxing for 2
h. The content of the flask was acidified with hydrochloric acid
(pH 1) after cooling and was subsequently extracted three times
with dichloromethane. The combined dichloromethane extracts
were dried over anhydrous Na2SO4, filtered, and concentrated
by rotary evaporation at 40°C to give the total solvent-ex-
tractable lipid compounds. 

Acidic hydrolysis. The residues obtained after alkaline hy-
drolysis were treated with 2 M HCl by refluxing for 4 h. After
cooling, the reaction mixture was extracted three times with
dichloromethane. The combined extracts were then dried over
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anhydrous Na2SO4, filtered, and concentrated by rotary evapo-
ration at 40°C. 

Lipid extraction. Approximately 15 mg (dry weight) of wet
cells of AAP were extracted ultrasonically with chloroform/
methanol/water (1:2:0.8, by vol) (16). Chloroform and deionized
water were added to the combined extracts to obtain the final
chloroform/methanol/water ratio of 1:1:0.9 (by vol) to initiate
phase separation. The lipids were recovered in the lower chloro-
form phase, which was dried over anhydrous Na2SO4, filtered,
and concentrated by rotary evaporation at 40°C. 

Reduction. Reduction of allylic hydroperoxyacids and
oxoacids to alcohols was performed in methanol (25 mL) by ex-
cess NaBH4 or NaBD4 (10 mg per 1 mg of extract). The mixture
was agitated for 30 min at 20°C using magnetic stirring (17).
After reduction, water and KOH were added and saponification
was carried out as described in the Alkaline hydrolysis section. 

Acetylation. Extracts were taken up in a mixture of 300 µL
pyridine and acetic anhydride (2:1, vol/vol). The mixture was
incubated overnight at 50°C and then evaporated to dryness
under nitrogen. Under these conditions, hydroperoxides are
quantitatively transformed to the corresponding ketones (18).
After acetylation, saponification was carried out as described
in the Alkaline hydrolysis section. 

Osmium tetroxide oxidation. Lipid extracts and OsO4 (1:2,
w/w) were added to a pyridine/dioxane mixture (1:8, vol/vol; 5
mL) and incubated for 1 h at room temperature. Then 6 mL of
Na2SO3 suspension (8.5 mL of 16% Na2SO3 in water/
methanol, 8.5:2.5, vol/vol) was added and the mixture was
again incubated for 1.5 h. The resulting mixture was gently
acidified (pH 3) with HCl and extracted three times with
dichloromethane (5 mL). The combined dichloromethane ex-
tracts were subsequently dried over anhydrous Na2SO4, fil-
tered, and concentrated. 

Formation of pyrrolidide derivatives. Lipid extracts were
taken up in 2 mL of BF3/methanol (14%) and heated at 80°C
for 1 h. After cooling, an excess of water was added, and
methyl esters were extracted three times with hexane, dried
over anhydrous Na2SO4, filtered, and concentrated using ro-
tary evaporation. The methyl esters obtained were dissolved in

1 mL of pyrrolidine. Then 0.1 mL of acetic acid was added and
the mixture was heated at 100°C for 1 h. The excess pyrroli-
dine was removed under a stream of nitrogen at 50°C, and the
residue was taken up in hexane/diethyl ether (1:1, vol/vol; 8
mL) and washed three times with water (4-mL portions). The
organic phase was dried over anhydrous Na2SO4, filtered, and
evaporated to obtain the required pyrrolidide derivatives. 

Catalytic hydrogenation. Lipid extracts were hydrogenated
overnight under magnetic stirring in methanol with Pd/CaCO3
(10–20 mg/mg of extract) (Aldrich, St. Quentin Fallavier,
France) as a catalyst. After hydrogenation, the catalyst was re-
moved by filtration and the filtrate was concentrated by rotary
evaporation. 

Silylation. After evaporation of the solvent, each residue
was taken up in 300 µL of a mixture of anhydrous pyridine and
bis(trimethylsilyl)trifluoroacetamide (BSTFA) (Supelco, St.
Quentin Fallavier, France) (2:1, vol/vol) and silylated for 1 h at
50°C. After evaporation to dryness under nitrogen, the residue
was redissolved in ethyl acetate (2 mL/mg) and BSTFA (0.1
mL) and then analyzed by GC–MS. 

GC–MS analysis. GC–EIMS analyses (under EI) were car-
ried out with a HP 5890 Series II Plus gas chromatograph con-
nected to an HP 5972 mass spectrometer. The following oper-
ating conditions were used: 30 m × 0.25 mm (i.d.) column
coated with SolGel-1 (SGE, Ringwood, Australia; film thick-
ness, 0.25 µm); oven temperature programmed from 60 to
130°C at a rate of 30°C min–1 and then from 250 to 300°C at
4°C min–1; carrier gas (He) maintained at 1.04 bar until the end
of the temperature program and then programmed from 1.04 to
1.5 bar at a rate of 0.04 bar min–1; injector (on-column with re-
tention gap) temperature, 50°C; electron energy, 70 eV; source
temperature, 170°C; cycle time, 1.5 s. 

Structural assignments were based on interpretation of the
MS fragmentations and confirmed by comparison of retention
times and mass spectra with those of authentic compounds
when these were available. 

Analyses of a blank treatment without cells and of AAP
grown on glutamate (instead of yeast extract) were done in par-
allel to check for possible contamination. 
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TABLE 1
Genus and Origin of the Different Strains of Aerobic Anoxygenic Phototrophs (AAP) Analyzed

Temperature Depth
Strain Genus Origin (°C) (m)

NAP1 Erythrobacter NW Atlantic (39°36′N, 72°27′W) 12 0
MG3 Erythrobacter SE Atlantic/W Indian (41°06′S, 19°25′E) 16 0
AT8 Erythrobacter NE Pacific (48°15′N, 128°19′W) 16 0
BA13 Erythrobacter SE Atlantic (48°33′N, 129°53′W) 16 22
B20 Erythrobacter The Baltic Sea (55°17′N, 18°55′E) 18 0 
COL2P Roseobacter Mediterranean coast (42°28′N, 3°11′E) 23 0
SYOP2 Roseobacter Australia, Sydney coast 18 0
B09 Roseobacter The Baltic Sea (59°39′N, 24°9′E) 17 0 
B11 Roseobacter The Baltic Sea (59°22′N, 22°36′E) 16 0 
BS110 Roseobacter Bosphorus (41°12.8′N, 29°07.4′E) 14 62
BS36 Roseobacter The Black Sea (45°42.7′N, 31°05.7′E) 16 5
CV44 Citromicrobium Central Atlantic (22°45′N, 46°04′W) 25 100



RESULTS AND DISCUSSION 

Saturated FA. The FA compositions of the different strains an-
alyzed are summarized in Table 2. AAP contained a standard
pattern of saturated FA ranging from C12 to C18, which were
rather uninformative. We failed to detect significant amounts
of C15 and C17 branched saturated FA, which is in a good
agreement with the well-known lack of such FA in most of the
Gram-negative bacteria (19,20). 

Monounsaturated FA. In EI mass spectra of monounsaturated
FA methyl or trimethylsilyl esters, no feature permits the double
bond to be located, because the double bond can migrate when
the alkyl chain is ionized in the mass spectrometer. This phenom-
enon appeared to be particularly prominent in the case of
branched FA (21). To avoid the migration problem, it was neces-
sary to prepare specific derivatives of unsaturated FA that “fixed”
the double bond. Two methods were used: OsO4 oxidation (22)
and pyrrolidide formation (23). The OsO4 method involves the

formation of diols by stereospecific oxidation of double bonds
and subsequent analyses of the silylated diols by GC–MS. The
position of the double bond can be deduced from the mass frag-
mentation patterns of these derivatized compounds. Pyrrolidide
derivatives were chosen for this study since: (i) they are prepared
under relatively mild conditions, (ii) they are stable chemically,
and (iii) they are well suited to the structural characterization of
branched unsaturated FA. 

The AAP strains investigated contained monounsaturated
FA ranging from C12 to C19 and were dominated by octadec-
11(cis)-enoic acid (cis-vaccenic acid) (Table 2). Two interest-
ing branched 19:1 FA were detected: the 11-methyloctadec-12-
enoic and the 12-methyloctadec-11-enoic acids. The mass
spectra of the bis-trimethylsilyloxy and pyrrolidide derivatives
of the 11-methyloctadec-12-enoic acid are shown in Figure 1.
The mass spectrum of the bis-trimethylsilyloxy derivative (ob-
tained after OsO4 oxidation of the double bond and subsequent
silylation), exhibited two strong fragment ions at m/z 173 and
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TABLE 2
FA Compositions of the Different Strains of AAP Analyzeda

Acids NAP1 MG3 AT8 BA13 B20 CV44 COL2P SYOP2 B09 B11 BS110 BS36

Saturates
12:0 3.6 0.1
14:0 1.3 3.0 1.3 4.4 1.8 1.0 0.7 2.1 1.4 0.6 0.6 0.7
15:0 1.0 1.7 2.6 2.7 0.9 0.4 0.3 0.8 0.4 0.3 0.2 0.2
16:0 7.3 14.1 7.9 17.2 9.0 5.7 10.6 12.6 8.8 6.0 10.2 4.5
17:0 1.3 0.5 1.0 0.8 0.3 0.1 0.8 0.3 0.4 0.1 0.1 0.2
18:0 1.5 4.6 2.8 6.4 3.3 0.6 2.1 9.4 9.0 0.8 1.6 3.8

Monounsaturates
12:1n-7 1.1 2.1
16:1n-7 2.0 2.6 1.2 2.3 1.6 1.2 0.6 0.5 0.4 0.9 2.8 1.0
17:1n-8 2.2 0.3 1.5 0.5 0.5 Tracesb Traces
17:1n-6 1.4 0.1 0.9 0.1 5.9 0.4 0.2
18:1n-7 65.0 45.2 51.0 41.7 70.1 63.4 62.8 48.4 56.7 59.7 24.8 75.0
19:1n-8 1.8 0.4 0.4

Polyunsaturates
18:2n-7,13 9.4 7.8 12.9 9.2 c 12.3 6.8 11.4 5.4

Branched
Me11,18:1n-6 3.1 10.5 9.8 7.1 Traces 10.9 2.8 9.4 10.1 10.5 3.0 4.7
Me12,18:1n-7 Traces 1.7 0.9
Unknown 1.1 7.3

Cyclic
11,12-cyclo-18:0 Traces Traces 0.4 0.1 3.4 25.1
Furanoid 1.9 8.2 0.3

Hydroxyacids
14:0 (2-OH) 0.5 5.8 1.5 2.6 1.6 4.0 1.4
15:0 (2-OH) 0.5 0.6 2.4 1.5 0.8 Traces 0.4
16:0 (2-OH) 0.4 0.4 0.3 0.3 3.1 11.9 4.1 6.4
14:1n-7 (2-OH) 0.4
16:1n-7 (2-OH) 2.2
18:1n-7 (2-OH) 1.0
10:0 (3-OH) 0.3 1.0 5.9
12:0 (3-OH) 3.9 0.2 Traces 1.6
13:0 (3-OH) 0.3
14:0 (3-OH) 0.6
12:1 (3-OH) 2.2 4.6 3.0
18:1n-9 (10-OH) cis 1.0 1.2 Traces
18:1n-9 (10-OH) trans Traces 0.1 Traces

aFor genera and origins of the bacterial strains see Table 1. See Table 1 for other abbreviation.
b<0.1%.
cDetected in cultures grown on glutamate.



373 resulting from the cleavage of the bond between the two
carbon atoms bearing the trimethylsilyloxy groups (Fig. 1A).
This proved the presence of a double bond in position 12 in the
parent FA. The useful ion at m/z 446 resulting from trimethyl-

silyl transfer toward the carboxylic group (24,25) confirmed that
the fragment ion at m/z 373 contained the carboxylic group. In
the mass spectrum of the pyrrolidide derivative (Fig. 1B), the
gap of 28 amu between m/z 224 and 252 localized the methyl
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m/z →→

m/z →→

M+l

FIG. 1. EI mass spectra of the silylated OsO4 (A) and pyrrolidide (B) derivatives of 11-methyloctadec-12-enoic acid.
TMS, trimethylsilyl.



branch on the carbon C11 (26), whereas the gap of 12 amu be-
tween m/z 252 and 264 confirmed the presence of the double
bond in position 12. Indeed, if an interval of 12 amu, instead of
the regular 14, was observed between the most intense peaks
of clusters of fragments containing n and n – 1 carbon atoms of
the acid moiety, the double bond was located between carbon n
and n + 1 in the molecule (23). 12-Methyloctadec-11-enoic
acid was also identified from the mass spectra of its bis-
trimethylsilyloxy and pyrrolidide derivatives (Fig. 2). In the
mass spectrum of the pyrrolidide derivative (Fig. 2B), the gap

of 12 amu between m/z 224 and 236 showed a double bond in
position 11, whereas the gap of 28 amu between m/z 236 and
264 localized the methyl branch on the carbon C12. This as-
signment was also supported by the presence of fragment ions
at m/z 201 (base peak), 345, and 418 in the mass spectrum of
the bis-trimethylsilyloxy derivative (Fig. 2A). 

11-Methyloctadec-12-enoic acid was present in all the AAP
strains analyzed (Table 2). This acid was previously detected
in other bacteria such as mycobacteria (27), Shewanella putre-
faciens (28), Thiobacillus (29), Thiohalocapsa halophila, and
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m/z →→

m/z →→

M+l

FIG. 2. EI mass spectra of the silylated OsO4 (A) and pyrrolidide (B) derivatives of 12-methyloctadec-11-enoic acid.
For abbreviation see Figure 1.



Halochromatium salexigens (Rontani, J.-F., unpublished data).
It seems to be a FA typical of bacteria. In contrast, 12-methyl-
octadec-11-enoic acid was found in only three strains of AAP
(Table 2). To our knowledge, this compound has never been re-
ported before. 

PUFA. Small amounts of octadeca-9,12-dienoic acid
(linoleic acid) were detected in all the strains of AAP analyzed.
This result is very surprising, since it is generally believed that
bacteria are unable to synthesize methylene-interrupted PUFA
(19). After careful examination, it appeared that this acid re-
sulted from contamination during the analytical treatment. 

Nine of the 12 strains of AAP analyzed contained a signifi-
cant proportion of the unusual octadeca-5,11-dienoic acid
(Table 2). The mass spectra of the tetra-trimethylsilyloxy and

pyrrolidide derivatives of this acid are shown in Figure 3. The
presence of double bonds in positions 5 and 11 is well sup-
ported by the intense fragment ions at m/z 187, 261, and 334
observed in the mass spectrum of the tetra-trimethylsilyloxy
derivative (Fig. 3A) and by the gaps of 12 amu between m/z
140 and 152 and between m/z 222 and 234 in the mass spec-
trum of the pyrrolidide derivative (Fig. 3B). 

Octadeca-5,11-dienoic acid was previously found in the seed
oil of some gymnosperms, e.g., Ginkgo biloba (30), and occa-
sionally in sponge lipids (Christie, W.W., unpublished results),
always as a minor component. To our knowledge, the presence
of this unusual FA has never been reported in phytoplankton
(31–34) or in anaerobic photosynthetic bacteria (35). Even
though this acid was not detected in all the strains analyzed

102 J.-F. RONTANI ET AL.

Lipids, Vol. 40, no. 1 (2005)

m/z →→

m/z →→

M+l

FIG. 3. El mass spectra of the silylated OsO4 (A) and pyrrolidide (B) derivatives of octadeca-5,11-dienoic acid. For
abbreviation see Figure 1.



(Table 2), it could constitute a useful indicator of the presence of
AAP because of its relative abundance in these organisms. 

Cyclic FA. 11,12-Methyleneoctadecanoic acid (lactobacillic
acid) was detected in six strains of AAP (Table 2). A particu-
larly high proportion was present in the strain BS110. This cy-
clopropane FA has been differentiated from its corresponding

olefinic isomers after catalytic hydrogenation (36). The first
step in the biosynthesis of the cyclopropane ring in a FA is sim-
ilar to that for certain methyl-branched FA, and involves initial
addition of a methyl group from S-adenosylmethionine to a
double bond and subsequent loss of a proton. Thus, lactobacil-
lic acid must be formed by the addition of a methylene group
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m/z →

m/z →

+l

M+l

M+l

FIG. 4. EI mass spectra of silylated 10,13-epoxy-11-methyloctadeca-10,12-dienoic (A) and 10,13-epoxy-11-methyl-
octadecanoic (B) acids. For abbreviation see Figure 1.



across the double bond of cis-vaccenic acid. This acid has been
found in a wide range of bacterial species of many different
types, both Gram-negative and Gram-positive, from strict
anaerobes to obligate aerobes. 

A furan FA, 10,13-epoxy-11-methyloctadeca-10,12-dienoic
acid, was detected in the strains BS110, BS36, and COL2P
(Table 2). The mass spectrum of this silylated FA is shown in
Figure 4A. Allylic cleavage of the alkylcarboxylic chain at the
furan ring produced the base peak at m/z 165, whereas allylic
cleavage of the alkyl chain yielded a fragment ion at m/z 323.
The furan ring itself gave rise to a fragment ion at m/z 109 char-
acteristic of trisubstituted furan acids (37). The position of the
methyl group was determined after hydrogenation (in the pres-
ence of Pd as catalyst) (Fig. 4B), thanks to the THF-specific
ring cleavage at m/z 286 enabling the unambiguous localiza-
tion of the methyl substituent (38). 

10,13-Epoxy-11-methyloctadeca-10,12-dienoic acid was pre-
viously detected in several strains of marine bacteria (S. putrefa-
sciens, Listonella anguillarum, Marinomonas communis,
Pseudomonas fluorescens, Enterobacter agglomerans) (28,37). A
very interesting biosynthetic pathway of this acid starting from cis-
vaccenic acid was proposed by Shirasaka et al. (28). The first step
of this pathway is thought to be the formation of 11-methyl-
octadec-12-enoic acid through methylation of cis-vaccenic acid;
11-methyloctadeca-10,12-dienoic acid is then produced through
desaturation. The next step involves a lipoxygenase-type oxida-
tion, followed by ring closure. The involvement of such a process
in BS110, BS36, and COL2P is well supported by the presence of
relatively high proportions of 11-methyloctadec-12-enoic acid in
these three strains (Table 2). However, the intermediate 11-methyl-
octadeca-10,12-dienoic acid, which was previously detected by
Shirasaka et al. (28), has not been observed in these strains. 
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→→

→→
FIG. 5. Total ion current chromatogram of the silylated total lipid extract of the strain BS110 before (A) and after (B)
NaBH4 reduction. 1, Dodec-5-enoic acid; 2, 3-hydroxydecanoic acid; 3, 3-hydroxydodecanoic acid; 4, hexadec-9-
enoic acid + 2-hydroxypentadecanoic acid; 5, hexadecanoic acid; 6, 2-hydroxyhexadec-9-enoic acid; 7, cis-
vaccenic acid + 2-hydroxyhexadecanoic acid; 8, octadecanoic acid; 9, 11-methyloctadec-12-enoic acid; 10, 10,13-
epoxy-11-methyloctadeca-10,12-dienoic acid; 11, 11,12-methyleneoctadecanoic acid; 12, 2-hydroxyoctadec-11-
enoic acid; 13, 10-hydroxyoctadec-11(cis)-enoic acid; 14, 10-hydroxyoctadec-11(trans)-enoic acid.



Hydroxyacids. Sphingomonadaceae are generally character-
ized by the presence of sphingolipids and 2-hydroxyacids and
by the lack of 3-hydroxyacids (39). Indeed, all the tested Ery-
throbacter- and Citromicrobium-related strains belonging
to the Sphingomonadaceae family contain 2-hydroxytetra-
decanoic, 2-hydroxypentadecanoic, and 2-hydroxyhexade-
canoic acids (Table 2). The content of 2-hydroxyacids increases
significantly when the acidic hydrolysis is carried out after
saponification. This suggests that these compounds are compo-
nents of sphingolipidic structures linked to sphingosine by
amide bonds, which are only partially hydrolyzed during
saponification. It is interesting to note that the hydrolysis of
these amide bonds is induced during the natural senescence of
AAP, when a significant increase in the 2-hydroxyacid content
occurs (40). 

3-Hydroxyacids were present only in Roseobacter-related
AAP (Table 2). These compounds, which are typically produced
as intermediates in the β-oxidation of monocarboxylic acids,

constitute a classical component of the cell wall lipopolysaccha-
rides of several Gram-negative bacteria (35,41). Interestingly,
the Roseobacter-related strains COL2P and BS110, in addition
to 3-hydroxyacids, also contained 2-hydroxyacids (Table 2). 

Cis and trans 10-hydroxyoctadec-11-enoic acids were de-
tected in the strains MG3, BS36, and BS110 (Fig. 5, Table 2).
The mass spectra of their silylated derivatives were described
previously (42). They exhibited a strong fragment ion at m/z
213 corresponding to the cleavage at the carbon-bearing
–OSiMe3 group. Determination of cis- and trans-isomers was
based on comparison of the retention times with standards. A
similar regiospecific oxygenation of the allylic carbon 10 of
cis-vaccenic acid has been observed previously in senescent
cells of the halophilic purple sulfur bacterium Thiohalocapsa
halophila incubated under aerobic conditions in the dark (42).
This enzymatic process was attributed to the involvement of a
lipoxygenase. Lipoxygenases are nonheme iron-containing
dioxygenases that catalyze the addition of molecular oxygen to
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FIG. 6. Characterization of allylic hydroperoxy, hydroxy-, and oxoacids after parallel acetylation and NaBD4 reduc-
tion. For abbreviation see Figure 1.



PUFA with a (cis,cis)-1,4-pentadiene system to give an unsatu-
rated FA hydroperoxide (43). Lipoxygenases may also catalyze
the oxygenation of monounsaturated FA such as oleic (44–47),
octadec-cis-12-enoic (47), or cis-vaccenic (42) acid. These
processes afford mainly hydroxy-, hydroperoxy-, or oxoacids.
Lipoxygenases are widely distributed in plants, fungi, and ani-
mals (48). Recently, these enzymes were also detected in bac-
teria (45,49). The presence of lipoxygenase in the strains
BS110 and BS36 is consistent with their relatively high con-
tent of furan FA (Table 2). The amounts of cis and trans 10-hy-
droxyoctadec-11-enoic acids increased considerably when the
samples were reduced with NaBH4 before the alkaline hydroly-
sis (Fig. 5). Some tests involving deuterium labeling, acetyla-
tion, and GC–MS analyses (Fig. 6) were carried out to deter-
mine whether this additional production of hydroxyacids
resulted from the reduction of the corresponding hydroperoxy-
or oxoacids during the treatment. The organic extracts were di-
vided into two fractions. One part was reduced by NaBD4 and
saponified, whereas the other was first acetylated (to dehydrate
the hydroperoxides to ketones) and then saponified. Compari-
son of the amounts of unlabeled hydroxyacids present after
acetylation (naturally occurring hydroxyacids) and after reduc-
tion (naturally occurring + hydroperoxide reduction-derived
hydroxyacids) allowed us to estimate the proportion of hy-
droperoxyacids and hydroxyacids present in the samples,
whereas quantification of the deuterated hydroxyacids after re-
duction (thanks to the fragment ion at m/z 214) (Fig. 6) corre-
sponded to the amount of oxoacids. The allylic oxoacids could
not be characterized directly since these compounds do not sur-
vive alkaline hydrolysis and are cleaved after hydration and
retro-aldol reactions (50). These tests cannot be carried out on
the strain BS36 since 10-hydroxyoctadec-11-enoic acids were
present in only trace amounts in this strain (Table 2). The re-
sults obtained proved that strains BS110 and MG3 contained
hydroperoxyacids, oxoacids, and hydroxyacids (Table 3). The
presence of significant proportions of hydroperoxides is very
surprising since they are extremely cytotoxic and cause dam-

age to membranes and proteins in particular (51). Several en-
zymatic processes causing further reactions of the hydroperox-
ides and avoiding their accumulation have been described pre-
viously. These processes involve: (i) reduction to the corre-
sponding hydroxyacids (51), (ii) homolytic cleavage of the
O–O bond resulting in the formation of oxoacids (48), (iii) de-
hydration to allene oxides and subsequent hydrolysis of these
unstable intermediates (52), and (iv) direct cleavage of the hy-
droperoxides to aldehydes and oxoacids (53). Only the first two
degradation processes seem to act significantly in the strains
BS110 and MG3. The reduction of hydroperoxyacids to the
corresponding hydroxyacids is generally attributed to the
lipoxygenases themselves (51), whereas the breakdown of hy-
droperoxyacids to oxoacids is induced by lipohydroperoxi-
dases (48). Similar to enzymatic conversion, the hydroperox-
ides formed may also undergo chemical decomposition under
mild conditions. The majority of these decomposition reactions
involve free radicals and are promoted by heat, photolysis,
metal ions, and metalloproteins. The products of these reac-
tions are similar to those of enzymatic transformations or are
either homologs or isomers of the enzymatically produced
compounds (48). The quite distinct proportions of hydroperoxy-
acids, hydroxyacids, and oxoacids observed in the case of the
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FIG. 7. Proposed pathways for the enzymatic oxygenation of cis-vaccenic acid in the strains BS110, BS36, and
MG3. 

TABLE 3
Relative Proportions (%) of 10-Hydroperoxyoctadec-11-enoic
Acids and Their Degradative Hydroxyacids
and Oxoacids in the Strains BS110 and MG3

Compound BS110 MG3

10-Hydroperoxyoctadec-11(cis)-enoic acid 35 35
10-Hydroxyoctadec-11(cis)-enoic acid 40 45
10-Oxooctadec-11(cis)-enoic acid 25 20
10-Hydroperoxyoctadec-11(trans)-enoic acid 20 —a

10-Hydroxyoctadec-11(trans)-enoic acid 15 —
10-Oxooctadec-11(trans)-enoic acid 65 —
aNot determined (only trace amounts). For genera and origins of the bacter-
ial strains see Table 1.



cis and trans isomers (Table 3) allowed us to exclude the in-
volvement of such abiotic processes during the degradation of
cis and trans 10-hydroperoxyoctadec-11-enoic acid. Allylic hy-
droperoxides may also undergo highly stereoselective free rad-
ical allylic rearrangement (54). These processes, which can act
on both cis and trans allylic hydroperoxides, afford only trans
configurations (54). The detection of trace amounts of 12-hy-
droperoxyoctadec-10(trans)-enoic acid and its corresponding
hydroxyacid and oxoacid in BS110 and MG3 strongly suggests
that isomerization of 10-hydroperoxyoctadec-11(cis)-enoic
acid results from such a rearrangement (Fig. 7). 

In conclusion, the FA composition of AAP is characterized
by saturated and monounsaturated FA ranging from C12 to C18
and from C12 to C19, respectively, with cis-vaccenic acid as the
major component. All the AAP analyzed contained the rela-
tively rare 11-methyloctadec-12-enoic acid. This acid was pre-
viously detected in some marine bacteria (27–29). It seems to
be a typical bacterial FA. The strains NAP1, AT8, and BA13
contained small amounts of the 12-methyloctadec-11-enoic
acid, which apparently has never been reported before. 

The presence of relatively high proportions of the octadec-
5,11-dienoic acid in 9 of the 12 strains of AAP analyzed is very
surprising since bacteria usually do not contain PUFA. This un-
usual acid could constitute a useful indicator of the presence of
AAP in the marine environment. 

An interesting regiospecific enzymatic peroxidation of the
allylic carbon 10 of cis-vaccenic acid was observed in the
strains BS110, BS36, and MG3. A similar oxidation process
was previously described in the case of the purple sulfur bac-
terium Thiohalocapsa halophila (42) and attributed to the in-
volvement of a lipoxygenase. This enzymatic attack of cis-
vaccenic acid seems to be a characteristic of some (aerobic and
anaerobic) phototrophic bacteria. The presence of a lipoxyge-
nase in AAP is well supported by the detection of significant
amounts of a furan FA, the 10,13-epoxy-11-methyloctadeca-
10,12-dienoic acid in the strains BS110, BS36, and COL2P. 

All the strains analyzed belonging to the Erythrobacter and
Citromicrobium genera contained 2-hydroxyacids linked by
amide bonds in sphingolipidic structures. These compounds
are released during the natural senescence of these organisms.
In contrast, all the Roseobacter-like strains contained 3-hy-
droxyacids. 

ACKNOWLEDGMENTS 
This research was supported by grants from the Centre National de
la Recherche Scientifique (CNRS) (J.-F.R. and S.C.), GACR pro-
ject 204/05/0307, and institutional concepts AV0Z5020903 and
MSM6007665808 (M.K.). We wish to thank Dr. William W. Christie
for his kind and useful indications of the previous detection of octadeca-
5,11-dienoic acid. Thanks are due to Dr. Colin Ratledge and an anony-
mous reviewer for their useful and constructive comments. 

REFERENCES

1. Sato, K. (1978) Bacteriochlorophyll Formation by Facultative
Methylotrophs, Protaminobacter rubber and Pseudomonas
AM1, FEBS Lett. 85, 207–210.

2. Harashima, K., Shiba, T., Totsuka, T., Shimidu, U., and Taga, N.
(1978) Occurrence of Bacteriochlorophyll-a in a Strain of an Aer-
obic Heterotrophic Bacterium, Agric. Biol. Chem. 42, 1627–1628.

3. Shimada, K. (1995) Aerobic Anoxygenic Phototrophs, in
Anoxygenic Photosynthetic Bacteria (Blankenship, R.E., Madi-
gan, M.T., and Bauer, C.E., eds.), p. 105–122, Kluwer Acade-
mic, Dordrecht, The Netherlands.

4. Yurkov, V.V., and Beatty, J.T. (1998) Aerobic Anoxygenic Pho-
totrophic Bacteria, Microbiol. Mol. Biol. Rev. 62, 695–724.

5. Shiba, T., Simidu, U., and Taga, N. (1979) Distribution of Aer-
obic Bacteria Which Contain Bacteriochlorophyll-a, Appl. En-
viron. Microbiol. 38, 43–45.

6. Shiba, T. (1991) Roseobacter litoralis gen. nov., sp. nov. and
Roseobacter denitrificans sp. nov., Aerobic Pink-Pigmented
Bacteria Which Contain Bacteriochlorophyll-a, Syst. Appl. Mi-
crobiol. 14, 140–145.

7. Kolber, Z.S., Van Dover, C.L., Niederman, R.A., and Falkowski,
P.G. (2000) Bacterial Photosynthesis in Surface Waters of the
Open Ocean, Nature 407, 177–179.

8. Kolber, Z.S., Plumley, F.G., Lang, A.S., Beatty, J.T., Blanken-
ship, R.E., VanDover, C.L., Vetriani, C., Koblizek, M., Rathge-
ber, C., and Falkowski, P.G. (2001) Contribution of Aerobic
Photoheterotrophic Bacteria to the Carbon Cycle in the Ocean,
Science 292, 2492–2495.

9. Goericke, R. (2002) Bacteriochlorophyll-a in the Ocean: Is
Anoxygenic Bacterial Photosynthesis Important? Limnol.
Oceanogr. 47, 290–295.

10. Koblízek, M., Falkowski, P.G., and Kolber, Z.S. (2005) Diver-
sity and Distribution of Photosynthetic Bacteria in the Black
Sea, Deep Sea Res. II, in press.

11. Koblízek, M., Ston-Egiert, J., Sagan, S., and Kolber, Z. (2004)
Diel Changes in Bacteriochlorophyll-a Concentration Suggest
Rapid Bacterioplankton Cycling in the Baltic Sea, FEMS
Microbiol Ecol. 51, 353–361.

12. Shiba, T., and Simidu, U. (1982) Erythrobacter longus gen.
nov., sp. nov., an Aerobic Bacterium Which Contains Bacteri-
ochlorophyll-a, Int. J. Syst. Bacteriol. 32, 211–217.

13. Nishimura, Y., Muroga, Y., Saito, S., Shiba, T., Takamiya, K.,
and Shioi, Y. (1994) DNA Relatedness and Chemotaxonomic
Feature of Aerobic Bacteriochlorophyll-Containing Bacteria
Isolated from Coasts of Australia, J. Gen. Appl. Microbiol. 40,
287–296.

14. Suzuki, T., Muroga, Y., Takahama, M., and Nishimura, Y.
(2000) Roseibium denhamense gen. nov., sp. nov. and Ro-
seibium hamelinense sp. nov., Aerobic Bacteriochlorophyll-
Containing Bacteria Isolated from the East and West Coasts of
Australia, Int. J. Syst. Bacteriol. 50, 2151–2156.

15. Koblizek, M., Béjà, O., Bidigare, R.R., Christensen, S., Bene-
tiz-Nelson, B., Vetriani, C., Kolber, M.K., and Falkowski, P.G.
(2003) Isolation and Characterization of Erythrobacter sp.
Strains from the Upper Ocean, Arch. Microbiol. 180, 327–338.

16. Volkman, J.K., Farmer, C.L., Barrett, S.M., and Sikes, E.L.
(1997) Unusual Dihydroxysterols as Chemotaxonomic Markers
for Microalgae from the Order Pavlovales (Haptophyceae), J.
Phycol. 33, 1016–1023.

17. Marchand, D., and Rontani, J.-F. (2003) Visible Light-Induced
Oxidation of Lipid Components of Purple Sulphur Bacteria: A
Significant Process in Microbial Mats, Org. Geochem. 34,
61–79.

18. Mihara, S., and Tateba, H. (1986) Photosensitized Oxygenation
Reactions of Phytol and Its Derivatives, J. Org. Chem. 51,
1142–1144.

19. Harwood, J.L., and Russell, N.L. (1984) Lipids in Plants and
Microbes, pp. 1–162, Allen & Unwin, London.

20. Wilkinson, S.G. (1988) Gram-Negative Bacteria, in Microbial
Lipids (Ratledge, C., and Wilkinson, S.G., eds.), pp. 299–488,
Alden Press, London.

GC–MS OF MARINE AEROBIC ANOXYGENIC PHOTOTROPHIC BACTERIAL FATTY ACIDS 107

Lipids, Vol. 40, no. 1 (2005)



21. Rontani, J.-F., and Aubert, C. (2003) Electron Ionization Mass
Spectral Fragmentation of C19 Isoprenoid Aldehydes and Car-
boxylic Acid Methyl and Trimethylsilyl Esters, Rapid Commun.
Mass Spectrom. 17, 949–956.

22. McCloskey, J.A., and McClelland, M.J. (1965) Mass Spectra of
O-Isopropylidene Derivatives of Unsaturated Fatty Esters, J.
Am. Chem. Soc. 87, 5090–5093.

23. Andersson, B.A., Christie, W.W., and Holman, R.T. (1974)
Mass Spectrometric Determination of Positions of Double
Bonds in Polyunsaturated Fatty Acid Pyrrolidides, Lipids 10,
215–219.

24. Capella, P., and Zorzut, C.M. (1968) Determination of Double
Bond Position in Monounsaturated Fatty Acid Esters by Mass
Spectrometry of Their Trimethylsilyloxy Derivatives, Anal.
Chem. 40, 1458–1463.

25. de Leeuw, J.W., van der Meer, J.W., Rijpstra, W.I.C., and
Schenck, P.A. (1980) On the Occurrence and Structural Identifi-
cation of Long Chain Ketones and Hydrocarbons in Sediments,
in Advances in Organic Geochemistry 1979 (Douglas, A.G., and
Maxwell, J.R., eds.), pp. 211–217, Pergamon Press, Oxford.

26. Andersson, B.A., and Holman, R.T. (1975) Mass Spectrometric
Localization of Methyl Branching in Fatty Acids Using
Acylpyrrolidines, Lipids 10, 716–718.

27. Couderc, F. (1995) Gas Chromatography/Tandem Mass Spec-
trometry as an Analytical Tool for the Identification of Fatty
Acids, Lipids 30, 691–699.

28. Shirasaka, N., Nishi, K., and Shimizu, S. (1997) Biosynthesis of
Furan Fatty Acids (F-acids) by a Marine Bacterium, Shewanella
putrefaciens, Biochim. Biophys. Acta 1346, 253–260.

29. Kerger, B.D., Nichols, P.D., Antworth, C.P., Sand, W., Bock,
E., Cox, J.C., Langworthy, T.A., and White, D.C. (1986) Signa-
ture Fatty Acids in the Polar Lipids of Acid-Producing
Thiobacillus spp.: Methoxy, Cyclopropyl, α-Hydroxy-Cyclo-
propyl and Branched and Normal Monoenoic Fatty Acids,
FEMS Microbiol. Ecol. 38, 67–77.

30. Wolff, R.L., Christie, W.W., and Marpeau, A.M. (1999) Rein-
vestigation of the Polymethylene-Interrupted 18:2 and 20:2
Acids of Ginkgo biloba Seed Lipids, J. Oil Am. Chem. Soc. 76,
273–277.

31. Volkman, J.K., Jeffrey, S.W.J., Nichols, P.D., Rogers, G.I., and
Garland, C.D. (1989) Fatty Acid and Lipid Composition of 10
Species of Microalgae Used in Mariculture, J. Exp. Mar. Biol.
Ecol. 128, 219–240.

32. Viso, A.-C., and Marty, J.-C. (1993) Fatty Acids from 28 Ma-
rine Microalgae, Phytochemistry 34, 1521–1533.

33. Volkman, J.K., Barrett, S.M., Blackburn, S.I., Mansour, M.P.,
Sikes, E.L., and Gelin, F. (1998) Microalgal Biomarkers: A Re-
view of Recent Research Developments, Org. Geochem. 29,
1163–1179.

34. Reuss, N., and Poulsen, L.K. (2002) Evaluation of Fatty Acids
as Biomarkers for a Natural Plankton Community. A Field
Study of a Spring Bloom and a Post-bloom Period of West
Greenland, Mar. Biol. 141, 423–434.

35. Imhoff, J.F., and Bias-Imhoff, U. (1995) Lipids, Quinones and
Fatty Acids of Anoxygenic Phototrophic Bacteria, in Anoxy-
genic Photosynthetic Bacteria (Blankenship, R.E., Madigan,
M.T. and Bauer, C.E., eds.), pp. 179–205, Kluwer Academic,
Dordrecht, The Netherlands.

36. McCloskey, J.A. (1969) Mass Spectrometry of Lipids and
Steroids, Methods Enzymol. 14, 382–450.

37. Shirasaka, N., Nishi, K., and Shimizu, S. (1995) Occurrence of
a Furan Fatty Acid in Marine Bacteria, Biochim. Biophys. Acta
1258, 225–227.

38. Scheinkönig, J., Hannemann, K., and Spiteller, G. (1995)
Methylation of the β-Positions of the Furan Ring in F-acids,
Biochim. Biophys. Acta 1254, 73–76.

39. Busse, H.J., Kämpfer, P., and Denner, E.B.M. (1999) Chemo-
taxonomic Characterization of Sphingomonas, J. Ind. Microbiol.
Biotechnol. 23, 242–251.

40. Rontani, J.-F., Koblizek, M., Beker, B., Bonin, P., and Kolber,
Z. (2003) On the Origin of cis-Vaccenic Acid Photodegradation
Products in the Marine Environment, Lipids 38, 1085–1092.

41. Klok, J., Baas, M., Cox, H.C., de Leeuw, J.W., Rijpstra, W.I.C.,
and Schenck, P.A. (1988) The Mode of Occurrence of Lipids in
a Namibian Shelf Diatomaceous Ooze with Emphasis on the β-
Hydroxy Fatty Acids, Org. Geochem. 12, 75–80.

42. Marchand, D., Grossi, V., Hirschler-Réa, A., and Rontani, J.-F.
(2002) Regiospecific Enzymatic Oxygenation of cis-Vaccenic
Acid During Aerobic Senescence of the Halophilic Purple Sul-
fur Bacterium Thiohalocapsa halophila, Lipids 37, 541–548.

43. Kühn, H., Schewe, T., and Rapoport, S.M. (1986) The Stereo-
chemistry of the Reactions of Lipoxygenases and Their Metabo-
lites. Proposed Nomenclature of Lipoxygenases and Related En-
zymes, Adv. Enzymol. 58, 273–311.

44. Wang, T., Yu, W.G., and Powell, W.S. (1992) Formation of
Monohydroxy Derivatives of Arachidonic Acid, Linoleic Acid,
and Oleic Acid During Oxidation of Low Density Lipoprotein
by Copper Ions and Endothelial Cells, J. Lipid Res. 33, 525–537.

45. Guerrero, A., Casals, I., Busquets, M., Leon, Y., and Manresa,
A. (1997) Oxidation of Oleic Acid to (E)-10-Hydroperoxy-8-
octadecenoic and (E)-10-Hydroxy-8-octadecenoic Acids by
Pseudomonas sp. 42A2, Biochim. Biophys. Acta 1347, 75–81.

46. Oliw, E.H., Su, C., Skogstrom, T., and Benthin, G. (1998)
Analysis of Novel Hydroperoxides and Other Metabolites of
Oleic, Linoleic, and Linolenic Acids by Liquid Chromatogra-
phy–Mass Spectrometry, Lipids 33, 843–852.

47. Clapp, C.H., Senchak, S.E., Stover, T.J., Potter, T.C., Findeis,
P.M., and Novak, M.J. (2001) Soybean Lipoxygenase-Mediated
Oxygenation of Monounsaturated Fatty Acids to Enones, J. Am.
Chem. Soc. 123, 747–748.

48. Schewe, T., Rapoport, S.M., and Kühn, H. (1986) Enzymology
and Physiology of Reticulocyte Lipoxygenase: Comparison with
Other Lipoxygenases, Adv. Enzymol. 58, 191–272.

50. Marchand, D., and Rontani, J.-F. (2001) Characterisation of
Photooxidation and Autoxidation Products of Phytoplanktonic
Monounsaturated Fatty Acids in Marine Particulate Matter and
Recent Sediments, Org. Geochem. 32, 287–304.

51. Galliard, T., and Chan, H.W.–S. (1980) Lipoxygenases, in The
Biochemistry of Plants: A Comprehensive Treatise (Stumpf,
P.K., and Conn, E.E., eds.), Vol. 4, pp. 131–161, Academic
Press, New York.

52. Hamberg, M. (1987) Mechanism of Corn Hydroperoxide Isom-
erase: Detection of 12,13(S)-Oxido-9(Z),11-octadecadienoic
Acid, Biochim. Biophys. Acta 920, 76–84.

53. Galliard, T., Matthew, J.A., Fishwick, M.J., and Wright, A.J.
(1976) The Enzymatic Degradation of Lipids Resulting from
Physical Disruption of Cucumber (Cucumis sativus) Fruit, Phy-
tochemistry 15, 1647–1650.

54. Porter, N.A., Caldwell, S.E., and Mills, K.A. (1995) Mecha-
nisms of Free Radical Oxidation of Unsaturated Lipids, Lipids
30, 277–290.

[Received December 2, 2004; accepted January 7, 2005]

108 J.-F. RONTANI ET AL.

Lipids, Vol. 40, no. 1 (2005)



ABSTRACT: Conjugated α-linolenic acid (CLnA) was prepared
from α-linolenic acid (9,12,15-18:3n-3, LnA) by alkaline treatment;
we fractionated CLnA into three peaks by reversed-phase column-
HPLC as evidenced by monitoring absorbance at 205, 235, and
268 nm. Peak I was a conjugated dienoic FA derived from LnA,
whereas Peaks II and III were conjugated trienoic LnA. Proton
NMR analysis showed that Peak III consisted of the all-trans iso-
mer. The methylated Peak III was further divided into five peaks
(Peaks IV–VIII) by silver ion column-HPLC. Peak V, a major con-
stituent in the Peak III fraction, was identified as conjugated
10t,12t,14t-LnA by GC-EIMS and 1H NMR analysis. Peaks III and
V, which consisted of conjugated all-trans trienoic LnA, had
stronger growth-inhibitory effects on human tumor cell lines than
the other collected peaks and strongly induced lipid peroxidation
as compared with Peaks I, II, and LnA. We propose that conju-
gated all-trans trienoic FA have the strongest growth-inhibitory ef-
fect among the conjugated trienoic acids and conjugated dienoic
acids produced by alkaline treatment of α-LnA, and that this effect
is mediated by lipid peroxidation.

Paper no. L9522 in Lipids 40, 109–113 (January 2005).

Conjugated FA can be prepared from nonconjugated FA by al-
kaline treatment (1). A conjugated FA frequently used for re-
search is conjugated linoleic acid (CLA), which is prepared
from linoleic acid (18:2n-6) or linoleic acid-rich oils such as
safflower oil by alkaline treatment (2–4). We have also reported
that conjugated FA can be prepared from α-linolenic acid
(18:3n-3, LnA), EPA (20:5n-3), and DHA (22:6n-3) by alka-
line treatment (5,6). However, alkaline treatment yields a mix-
ture of geometrical and positional isomers (1,6). For example,
alkaline treatment of linoleic acid produces mainly 9c,11t- and
10t,12c-CLA (1,2), whereas alkaline treatment of LnA pro-
duces a mixture of conjugated dienes and trienes termed conju-
gated α-linolenic acid (CLnA) (6,7).

CLnA, conjugated EPA, and conjugated DHA prepared by
alkaline treatment are more cytotoxic against human tumor

cells than their nonconjugated counterparts and CLA (6). More-
over, the conjugated FA that have an absorbance maximum at
268 nm (conjugated trienes) are more strongly cytotoxic than the
conjugated FA with an absorbance maximum at 235 nm (conju-
gated dienes) (6) or 315 nm (conjugated tetraenes) (5). There-
fore, a conjugated trienoic acid may be more cytotoxic than con-
jugated dienoic and tetraenoic acids prepared from the same FA.

Some reports have indicated that 10t,12c-CLA, but not
9c,11t-CLA, is the active cytotoxic compound in CLA pre-
pared by alkaline treatment (8–10). Al-Madaney et al. (11) sug-
gested that 9c,11c-CLA increases the formation of thrombox-
ane B2 compared with other CLA isomers. Thus, we proposed
that the cytotoxic efficacy of CLnA, conjugated EPA, and con-
jugated DHA depends on their geometrical and positional
chemical structures.

In this study, we investigated the geometrical and positional
chemical structures of CLnA isomers after their formation by
alkaline treatment and their abilities to inhibit the growth of
tumor cells.

MATERIALS AND METHODS

Preparation of CLnA by alkaline treatment. LnA (10 mg; a gift
from Bizen Chemical, Okayama, Japan) was added to 1 mL of
21% potassium hydroxide/ethylene glycol (KOH/EG, wt/vol)
solution in a test tube (10-mL volume) (1,5,6). Nitrogen gas
was bubbled into the mixture, after which the tube was sealed
with a screw cap and allowed to stand for 10 min at 180°C. The
reaction mixture was then cooled, and 1 mL of methanol and 2
mL of 6 N HCl were added. After dilution with 2 mL of dis-
tilled water, the conjugated FA was extracted with 5 mL of
hexane. The hexane extract was washed with 3 mL of 30%
methanol and 3 mL of distilled water before being dried under
a nitrogen gas stream. The CLnA preparation was stored at
–20°C after being purged with nitrogen gas. UV/vis spec-
trophotometric analysis of the conjugated FA was performed
with a spectrophotometer (Shimadzu UV-2400P; Shimadzu
Corporation, Kyoto, Japan). Spectrophotometric readings con-
firmed the formation of the conjugated FA of dienes (235 nm)
and trienes (268 nm) (1,12).

Reversed-phase column-HPLC fractionation. CLnA was
dissolved in acetonitrile, and this solution was fractionated by
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reversed-phase column-HPLC using a pump (880-PU; Jasco,
Inc., Tokyo, Japan) with a diode array detector (SPD-M10AVP;
Shimadzu Corporation). The reversed-phase column was Inert-
sil ODS 10 (10 µm particle size, 4.6 × 250 mm; GL Sciences,
Inc., Tokyo, Japan) fitted with a guard column containing simi-
lar ODS packing material (9.5 × 50 mm). The mobile phase
was acetonitrile/water (70:30, vol/vol), and the flow rate was
1.5 mL/min. Detection was at 205 nm, 235 nm (conjugated
diene), and 268 nm (conjugated triene). Typical chromato-
grams of CLnA and the spectra of peaks are shown in Figure
1A. Peaks I–III were collected individually and dried com-
pletely under nitrogen gas. 

Silver ion column-HPLC fractionation. Peak III was methyl-
ated with 14% BF3/methanol (Wako Pure Chemicals Industries,
Ltd., Osaka, Japan) at room temperature for 30 min (13,14). The
methylated FA was then dissolved in hexane, and this solution
was fractionated using silver-ion HPLC and a diode array detec-
tor. The silver ion column-HPLC (Ag+-HPLC) column was
ChromSpher Lipids (5 µm particle size, 4.6 × 250 mm;
Chrompack, Bridgewater, NJ). The mobile phase was hexane/
acetonitrile (100:0.15, vol/vol), and the flow rate was 1.0 mL/
min. Detection was at 268 nm (conjugated triene). A typical

chromatogram is shown in Figure 2A. Peaks IV–VIII were col-
lected and dried completely under nitrogen gas.

GC-EIMS. The FAME fractions IV to VIII were hydrolyzed
to their FFA with a 0.2 N KOH solution at 40°C for 90 min.
The FA were then converted to 4,4-dimethyloxazoline
(DMOX) derivatives (15). The GC-EIMS analysis was per-
formed as described previously (4).

NMR spectroscopy. The FFA were dissolved in acetonitrile-
d3 (ICN Pharmaceuticals, Inc., Costa Mesa, CA) at a concen-
tration of 1.0 mg/mL. Proton NMR (1H NMR) spectroscopy
was performed on a Varian Unity INOVA 500 (500 MHz) (Var-
ian, Inc., Palo Alto, CA).

Cell cultures. Human tumor cells (DLD-1, HepG2, A549,
MCF-7, and MKN-7) were obtained from the Cell Resource
Center for Biochemical Research at Tohoku University
(Sendai, Japan). Human fibroblasts (MRC-5, TIG-103, and
KMS-6) were purchased from the Human Science Research
Resources Bank (Osaka, Japan). The cells were cultured as de-
scribed previously (5,6). 

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] dye reduction assay. To examine the growth-in-
hibitory effect of conjugated FA on human tumor cells and fi-
broblasts, we performed the MTT dye reduction assay (5,6).
Briefly, stock solutions of FA were prepared in ethanol at a con-
centration of 25 mM. The FA were diluted to the final concen-
trations of 25 µM in RPMI 1640 (for tumor cells; Sigma, St.
Louis, MO) or MEM (for fibroblasts; Sigma) supplemented
with 0.5% BSA (these served as the test media). Control cells
were exposed to test medium supplemented with 0.1% ethanol.
The α- and β-eleostearic acids used were purified from tung oil
by reversed-phase column-HPLC (4). 

Determination of TBARS. The semiconfluent cells seeded in
a 60-mm diameter dish were cultured in test media containing
FA. After incubation for 24 h, DLD-1 cells were assayed for
the amount of TBARS as a conventional index for lipid perox-
idation according to the method of Gavino et al. (16). 

Statistical analysis. Statistical comparisons among several
groups were made using one-way ANOVA, followed by the
Newman–Keuls test for multiple comparisons among the
groups. The Student’s t-test was used for comparisons between
two groups. Differences were considered significant at P < 0.05.

RESULTS AND DISCUSSION

CLnA prepared by alkaline treatment was separated into three
peaks by reversed-phase column-HPLC with monitoring at 205,
235, and 268 nm. The chromatogram is shown in Figure 1A; the
retention times for Peaks I, II, and III were at 19.5, 23.8, and 26.4
min, respectively. These peaks showed maximal absorption at
230, 270, and 267 nm, respectively (Fig. 1B). These results sug-
gest that Peak I contains conjugated dienoic LnA (LnA, which is
monoconjugated plus one isolated double bond), whereas Peaks
II and III consist of conjugated trienoic LnA. From the 10 mg
LnA initially used for alkaline isomerization, 70% was converted
to conjugated FA (6). The yield for Peaks I, II, and III was 2.1,
2.3, and, 2.0 mg, respectively. The 1H NMR signals arising from
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FIG. 1. Reversed-phase HPLC chromatogram of conjugated α-linolenic
acid prepared using a 21% KOH solution for 10 min (A), UV spectra of
the HPLC-separated peaks (B), and 1H NMR spectra at 500 MHz of
Peaks II and III (C). 



Peaks II and III were also examined. The olefinic proton signal
(5.5–6.5 ppm) reveals the geometrical configuration of the con-
jugated double bond. On the basis of comparison with the spec-
tra of commercial α- and β-eleostearic acids (data not shown;
Larodan Fine Chemicals AB, Malmo, Sweden), and of previous
reports (17,18), it appears Peak III was composed of all-trans

isomers (Fig. 1C) whereas Peak II consisted of several trans and
cis isomers (mono-cis, di-trans CLnA; di-cis, mono-trans
CLnA; and all-cis CLnA) (Fig. 1C). 

Methylated Peak III (which consists of all-trans isomers, as
determined by 1H NMR) was separated into five peaks by Ag+-
HPLC by monitoring the eluate at 265 nm. The fractions were:
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FIG. 2. Ag+-HPLC chromatogram of methylated Peak III (A), 1H NMR spectrum at 500 MHz of
Peak V (B), and GC-EIMS spectra of the 4,4-dimethyloxazoline derivatives of Peaks IV (C), V
(D), VI (E), VII (F), and VIII (G). Allylic cleavage fragments are underlined.



Peak IV 9.1%, Peak V 45.1%, Peak VI 17.9%, Peak VII 16.3%,
Peak VIII 11.6% (Fig. 2A). After the fractionation, each peak
was hydrolyzed to their FFA. Peak V consisted of 0.8 mg ob-
tained from the original starting material of 10 mg LnA. The
DMOX derivatives of each of the five peaks were similarly pre-
pared and analyzed by GC-EIMS (4,15). Figure 2D shows the
GC-EIMS spectra of the DMOX derivative of Peak V. The
spectrum exhibited a molecular ion at m/z 331, and allylic
cleavages of the fatty acyl chain at m/z 196 and 302. The mass
spectrum exhibited mass differences of 12 mass units between
m/z 210 and 222, between m/z 236 and 248, and between m/z
262 and 274, indicating that this was a conjugated triene (Fig.
2D). Peak V was consistent with the structure 10t,12t,14t-
CLnA (Fig. 2D). The structural confirmation of all the other
peaks was determined in the same way. Peaks IV, VI, VII, and
VIII were therefore assigned the structures 11t,13t,15t-CLnA
(Fig. 2C), 9t,11t,13t-CLnA (Fig. 2E), 8t,10t,12t-CLnA (Fig.
2F), and 7t,9t,11t-CLnA (Fig. 2G), respectively. Spitzer et al.
(7) previously reported that 10,12,14-CLnA and 9,11,13-CLnA
were detected when CLnA was prepared with a 6.5% KOH/EG
solution. 

We examined the growth-inhibitory effects of each peak that
had been collected by reversed-phase column-HPLC and Ag+-
HPLC on five human tumor cell lines (DLD-1, HepG2, A549,
MCF-7, and MKN-7) and three human fibroblast lines (TIG-
103, MRC-5 and KMS-6) (Table 1). At a concentration of 25
µM, Peak III (all-trans conjugated triene) had the strongest
growth-inhibitory effect on tumor cell lines compared with
Peaks I and II. The growth-inhibitory effect of Peak III on
DLD-1 was shown to be dose- (data not shown; 0–100 µΜ)
and time-dependent (data not shown; from 0 to 24 h). Thus, the
all-trans conjugated trienoic FA appears to have a strong
growth-inhibitory effect on human tumor cell lines. The
growth-inhibitory effect of Peak V (10t,12t,14t-CLnA) on
DLD-1 was at the same level as that of Peak III, and was
stronger than that of β-eleostearic acid (9t,11t,13t-octadeca-
trienoic acid purified from tung oil). Moreover, β-eleostearic

acid had a higher growth-inhibitory effect compared with α-
eleostearic acid (9c,11t,13t-octadecatrienoic acid purified from
tung oil). It was shown previously that 10t,12c-CLA is the ac-
tive CLA isomer rather than 9c,11t-CLA (8–10). Thus, the dif-
ferences in the growth-inhibitory effects of conjugated trienoic
acids appear to be related to specific geometric and positional
isomers. The all-trans conjugated trienoic acids we tested
(Peak III and β-eleostearic acid) also showed growth-inhibitory
effects in human fibroblasts.

We previously reported that conjugated EPA and DHA in-
duce apoptosis via lipid peroxidation (5). We thus tested the
ability of the different isolated conjugated FA to induce lipid
peroxidation by assaying for TBARS levels. The level of
TBARS for Peak V (10t,12t,14t-CLnA) in the culture was
greater compared with Peaks I–III after 24 h incubation (Fig.
3). Moreover, β-eleostearic acid induced more lipid peroxida-
tion than α-eleostearic acid (Fig. 3). These results suggest that
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TABLE 1
Growth-Inhibitory Effects of Conjugated αα-Linolenic Acids on Human Tumor Cell Lines and Fibroblastsa

Human tumor cell linesb Human fibroblastsc

FA DLD-1 HepG2 A549 MCF-7 MKN-7 TIG-103 MRC-5 KMS-6

Viable cells (% of control)

Control 100 ± 3 100 ± 4 100 ± 7 100 ± 2 100 ± 12 100 ± 2 100 ± 3 100 ± 2
LnA 81 ± 5* 94 ± 5 87 ± 4 87 ± 1** 85 ± 5 92 ± 3 86 ± 2 102 ± 3
CLnAd 61 ± 2*** 77 ± 4** 82 ± 5 95 ± 2 90 ± 6 112 ± 3 90 ± 5 108 ± 1

Peak I 64 ± 2** 91 ± 1 87 ± 3 86 ± 2*** 85 ± 3 92 ± 2 88 ± 3 91 ± 2
Peak II 44 ± 1** 86 ± 2* 64 ± 2** 70 ± 3*** 55 ± 5* 104 ± 3 92 ± 2 100 ± 2
Peak III 10 ± 1*** 30 ± 2*** 3 ± 0.1*** 53 ± 1*** 4 ± 0.2*** 57 ± 4*** 69 ± 4*** 83 ± 2***

α-ESAe 41 ± 1*** 105 ± 3 115 ± 3 108 ± 3
β-ESA 35 ± 1*** 75 ± 1* 114 ± 4 75 ± 3*
aCells were incubated for 24 h after supplementation of FA at a concentration of 25 µM. The percentage of cell numbers incubated with control medium for
24 h was treated as 100%. Values are mean ± SE (n = 6). *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control.
bDLD-1, colorectal adenocarcinoma; HepG2, hepatoma; A549, lung adenocarcinoma; MCF-7, breast adenocarcinoma; MKN-7, tubular adenocarcinoma.
cMRC-5, male lung (JCRB0521; TIG-103, female skin (JCRB0528); KMS-6 female embryonal (JCRB0432).
dCLnA, conjugated α-linolenic acid prepared with 21% KOH solution for 10 min.
eESA, eleostearic acid.

FIG. 3. TBARS formation in DLD-1 cells supplemented with conjugated
α-linolenic acids. DLD-1 cells were incubated for 24 h with 25 µM of
each FA. Values not sharing a common superscript letter (a–e) are sig-
nificantly different by the Newman–Keuls test. *, P < 0.05 by Student’s
t-test. Values shown are the mean ± SE (n = 4 or 5). (1) Control; (2)
α-linolenic acid; (3) conjugated α-linolenic acid prepared with alkaline
solution; (4) Peak I; (5) Peak II; (6) Peak III; (7) Peak V; (8), α-eleostearic
acid; (9) β-eleostearic acid.



all-trans trienoic CLnA induces lipid peroxidation compared
with the other geometrical isomers, and that CLnA generated
by alkaline treatment induces lipid peroxidation, which ulti-
mately inhibits cell growth.

Recently, we reported that tung oil, which is rich in α-
eleostearic acid, lacked toxicity and was better at decreasing
tumor tissue weight in DLD-1-transplanted mice than CLA
(17). This suggests that conjugated trienoic acid, especially
conjugated all-trans isomers, may be developed into anticancer
drugs of broad utility. 
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ABSTRACT: There is clear evidence of the nutritional benefits
of consuming long-chain n-3 PUFA, which are found predomi-
nantly in oily fish. However, oily fish consumption, particularly
in the United Kingdom, is declining, as is the consumption of all
meats with the exception of poultry, which has increased in con-
sumption by 73% in the last 30 yr. This pattern, if less marked, is
reflected throughout Europe, and therefore one means of increas-
ing long-chain n-3 PUFA consumption would be to increase the
long-chain n-3 PUFA content in the edible tissues of poultry. This
review considers the feasibility of doing this, concentrating par-
ticularly on chickens and turkeys. It begins by summarizing the
benefits to human health of consuming greater quantities of n-3
FA and the sources of n-3 PUFA in the human diet. The literature
on altering the FA composition of poultry meat is then reviewed,
and the factors affecting the incorporation of n-3 PUFA into edi-
ble tissues of poultry are investigated. The concentration of α-lin-
olenic acid (ALA) in the edible tissues of poultry is readily in-
creased by increasing the concentration of ALA in the birds’ diet
(particularly meat with skin, and dark meat to a greater extent
than white meat). The concentration of EPA in both white and
dark meat is also increased when the birds’ diet is supplemented
with EPA, although supplementing the diet with the precursor
(ALA) does not result in a noticeable increase in EPA content in
the edible tissues. Although supplementing the birds’ diets with
relatively high concentrations of DHA does result in an increased
concentration of DHA in the tissues, the relationship between di-
etary and tissue concentrations of DHA is much weaker than that
observed with ALA and EPA. The impact that altering the FA com-
position of edible poultry tissue may have on the organoleptic
and storage qualities of poultry products is also considered.

Paper no. L9582 in Lipids 40, 121–130 (February 2005).

The role of n-3 FA in the prevention of coronary heart disease
and, in the case of 22:6n-3 (DHA), as a vital component in the
retina and the membrane phospholipids of the brain is well es-
tablished. Emken and his colleagues (1) demonstrated that
20:5n-3 (EPA) and DHA can be produced in humans by the se-
quential elongation and desaturation of 18:3n-3 (α-linolenic
acid, ALA), but the rates of these conversions are low (1–3)
and appear to be more limited in young men than young
women (4–7), suggesting that DHA synthesis may be up-regu-
lated in situations where there may be a greater demand for

DHA, such as to meet the possible needs of a fetus or neonate.
It has been suggested that this poor conversion of ALA to DHA
is the result of an ancient diet that was rich in DHA, which re-
duced an evolutionary need to maintain an active conversion
apparatus (8). Infants are able to convert ALA to DHA (9–11),
but the requirements for DHA in the neonate are extremely
high. A review by Salem et al. in 2001 (12) concluded (on the
evidence of brain and retinal function in preterm and term in-
fants fed either breast milk or formula that was supplemented
or otherwise with long-chain PUFA) that it would be prudent
to ensure preformed DHA was included in the infant diet. 

In the adult, the conversion of ALA to DHA may not meet
the long-term demand for DHA in diabetics, as the activity of
∆-5 and ∆-6 desaturases is reduced in the diabetic state (13).
Alcohol also inhibits the activity of ∆-5 and ∆-6 desaturase and
reduces the concentration of long-chain n-3 PUFA in the tis-
sues (14). The competition for ∆6 desaturase in the conversion
of ALA to 18:4n-3 and 18:2n-6 (linoleic acid, LA) to 18:3n-6
(γ-linolenic acid) means that diets with high n-6 FA contents
can reduce n-3 FA conversion by as much as 40% (1). Since
Western diets typically have a high ratio of n-6/n-3 FA, the con-
version of ALA to DHA is likely to be compromised. The need
for an adequate intake of ALA, with an appropriate balance of
n-6/n-3 FA, is therefore well recognized, and the inclusion of
preformed DHA in circumstances where the conversion of
ALA to DHA may be insufficient is acknowledged. 

SOURCES OF N-3 PUFA

ALA is found in certain seed oils (such as linseed and canola)
and green vegetables. Dietary sources of both EPA and DHA
are confined almost entirely to fish products. Adequate intakes
of EPA and DHA may be achieved by consuming two portions
of fish each week, and of these portions one should be of oily
fish (15). However, fish consumption in the United Kingdom is
very low, as is the proportion of the population that eat fish
(16), and this pattern is reflected throughout northern Europe.
Clearly, other sources of n-3 PUFA need to be developed if the
northern European population is to achieve the recommended
intakes of these EFA. One approach is to incorporate microen-
capsulated n-3 PUFA into “standard” foods. The other is to
alter the FA composition of foods that make a significant con-
tribution to fat intake. A survey of European diets revealed that
26% of total fat intake came from dairy products, and meat and
meat products accounted for 21% (17). A review of experi-
ments that investigated the potential of enhancing the EPA and
DHA content of bovine milk by altering the cow’s diet con-
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cluded that this approach had only limited success (18), but
there may be possible advantages to increasing the n-3 PUFA
content of meat. Poultry meat accounts for 41% of the con-
sumption of meat and meat products in the United Kingdom
(19) and so is potentially a valuable route for increasing the in-
take of long-chain n-3 PUFA. The objective of this review is to
consider the factors that affect the efficiency with which dietary
n-3 PUFA is incorporated into the edible tissues of poultry. 

POULTRY AS A SOURCE OF N-3 PUFA

Compared with mammals, the n-3 PUFA content of skeletal
muscle in birds is lower and that of n-6 higher (20), and when
birds are fed typical diets, the concentrations of n-3 PUFA in
their edible tissues are relatively low (21). Of the n-3 PUFA
that are present, ALA is concentrated in the TAG fraction,
whereas EPA and DHA are more prevalent in the phospholipid
fraction (21). White (breast) meat is the most popular poultry
meat, but although its lipids are rich in phospholipids, and so
relatively rich in EPA and DHA, dark (leg) meat and skin are
the richest sources of all n-3 FA because of the higher lipid con-
tent of these tissues (Table 1).

In a study of nine species of birds (fed different diets and
managed independently), the concentration of DHA in skeletal
muscle phospholipids was negatively related to body size (20).
It was suggested that smaller species of birds, with their higher
metabolic rates, required higher concentrations of DHA to help
maintain sodium and calcium pumps. This might suggest that,
when fed similar diets, turkeys would have a lower DHA con-
tent in their edible tissues than would broilers. 

No direct comparisons between chickens and turkeys of the
n-3 PUFA content of their edible tissues could be found in the
literature. However, two studies (22,23) in which similar diets
were fed estimated the n-3 PUFA content of edible tissues in
chickens and turkeys, respectively. In these studies, n-3 PUFA-
rich oils were added to the birds’ diets, but the results summa-
rized in Table 2 relate to the control diets. However, even in

these diets, fishmeal was added as a protein source (as is widely
done in the industry), and this feedstuff would also supply
some n-3 PUFA to the birds’ diets. It is clear from these data
that dark meat is a richer source of ALA than is white meat, al-
though there is little difference between the white and dark
meats in terms of their longer-chain n-3 PUFA contents.
Turkeys appear to be a richer source of ALA than chickens, and
females had a higher ALA content in their meat than did males.
The long-chain n-3 PUFA content of chicken meat (white or
dark) and turkey white meat was similar, despite the higher
fishmeal content of the turkeys’ diet (49.5 g/kg fishmeal vs. 40
g/kg redfish meal for the broilers). This observation may sup-
port the notion that smaller birds have inherently higher DHA
contents in their muscles than do larger birds (20). However,
the turkey dark meat had a much higher long-chain n-3 PUFA
and ALA content than did the other tissues. This partly reflects
the higher lipid content of dark meat compared with white
meat, and the high long-chain n-3 PUFA content of turkey dark
meat may also be a result of the higher fishmeal content of the
turkeys’ diet compared with the broilers’ diet. Clearly this area
requires further research. 

ENHANCEMENT OF N-3 PUFA CONTENT
OF POULTRY MEAT

The FA composition of both pigs and poultry can in theory be
relatively easily modified by dietary means. As early as 1963,
it was noted that the FA compositions of broilers’ breast, thigh,
and skin tissues were similar to those of the broilers’ diet (24),
and in the 1960s Neudoerffer and Lea demonstrated that feed-
ing fish oil to turkeys increased the concentrations of EPA and
DHA in the depot fat (25) and muscle lipids (26) of the turkeys.
Consequently, it is possible to increase the proportion of n-3
PUFA substantially in both eggs and the edible tissues of pigs
and poultry (21,27–30). Much work has been done to enhance
the n-3 PUFA content of poultry meat by dietary means, and
this can result in nutritionally meaningful intakes of n-3 PUFA
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TABLE 1  
Lipid Content and Composition, and FA Composition of Different Edible Tissues
in Poultry Fed a Standard Dieta

Edible tissue

White meat Dark meat Skin

Lipid content (wt% fresh tissue) 0.9 2.2 30.3
Lipid composition (wt% total lipid)
TAG 43 83 100
Phospholipid 55 16 Trace
FA composition
(% total FA)
ALA 0.5 0.7 1.0
EPA 0.9 0.5 0.1
DHA 1.8 1.0 0.1
(mg/100 g edible tissue)
ALA 4.5 15.5 304
EPA 6.3 13.3 122
DHA 16.2 22.0 31
aData from Reference 21. ALA. α-linolenic acid. Trace < 0.5%.



by people who consume these products (31). There are some
drawbacks to this practice, most notably the reduced shelf life
of the products (29,32), and the negative effect that n-3 PUFA
enrichment appears to have on the organoleptic qualities of
poultry meat (21,26,27,33).

It is relatively easy to measurably increase the ALA content
of poultry meat by supplementing the diet with feeds rich in
ALA. Such feeds typically include oilseeds such as linseed or
canola. As ALA is associated more with the TAG rather than
the phospholipids, most of the ALA that is found in edible tis-
sues accumulates in the dark meat and skin. A number of au-
thors have reported the proportionate response of increased
ALA content in edible tissues to increasing dietary concentra-
tions of ALA (22,23,31–44). These data are presented in Fig-
ure 1 to illustrate the responses observed across a range of dif-
ferent experiments, and also analyzed by linear regression; the
relationships that were observed are summarized in Table 3 and
illustrated in Figure 1.

The response of the ALA content of skinless white meat (in
turkeys or broilers) to increasing dietary ALA concentration is
poor. However, strong relationships were observed between di-
etary ALA content and the ALA content of meat with skin, be it
white or dark. The response of the ALA content of skinless dark
meat (both in turkeys and broilers) to increasing dietary ALA
content was intermediate. This is understandable, as it is the skin
and to a lesser extent the dark meat that has the highest lipid con-
tent and the greater proportion of TAG (in which ALA accumu-
lates). These therefore are the tissues that respond most to in-
creased dietary ALA with an increased tissue concentration of
ALA. Most of the data in Figure 1 were collected from experi-
ments on broilers, and so although the regression coefficients be-
tween dietary ALA content and turkey tissue ALA content are
high (0.986–0.993), these are primarily a reflection of the very
few, but well spaced, data points that were included in the regres-
sions. A much more rigorous comparison is needed to determine
whether real differences exist between broilers and turkeys in
terms of their response to increasing dietary ALA concentrations.

One of the few direct comparisons between turkeys and
chickens found that young (between 1 and 3 wk of age) turkeys
were more efficient at digesting saturated fats than were young

chickens (45). This difference between the two species disap-
peared at 3 wk of age, and there was much less of a difference
when unsaturated lipids were fed. The digestibility of dietary
lipids that are designed to enhance the n-3 PUFA content of the
meat is therefore not likely to be significantly different between
finishing turkeys and chickens. 

No difference between different breeds or sexes of chicken
in their response to dietary PUFA was identified (21,31). Very
few data in Figure 1 were collected from male broilers, as
birds were either analyzed as a mixed sex group, or females
were used instead. However, the data in Figure 2 have been
segregated into male and female broilers to illustrate the re-
sponse in dark meat ALA concentration to increasing dietary
ALA concentration. Although the regression slope with the
male birds appears slightly steeper than that of the females,
the confidence intervals of the two coefficients overlap and
there is no evidence of any difference between the sexes in
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TABLE 2
FA Composition of Broiler and Turkey Meat When Birds Were Fed Diets Containing 40–50 g/kg Fishmeala

Lipid FA compositiona

content % FA mg/100 g meat
Meat Species Sex (g/kg) ALA EPA + DHA ALA EPA + DHA

White Chicken Male 9 0.4 5.4 3.6 48.5
Female 10 0.5 4.5 5.0 45.1

Turkey Male 7 0.8 7.3 5.6 51.1
Female 7 1.1 6.4 7.7 44.7

Dark Chicken Male 19 0.6 2.6 11.4 49.5
Female 20 0.6 2.6 12.0 52.0

Turkey Male 22 1.5 3.9 33.1 85.8
Female 24 2.2 3.0 52.7 72.0

aReferences 22, 23. For abbreviation see Table 1.

FIG. 1. Effect of increasing dietary concentrations of α-linolenic acid
(ALA) on the concentration of ALA in the edible tissues of poultry meat.
Line 5, (ll) skinless, white broiler meat (R2 = 0.309); Line 4, (l) skinless
dark broiler meat (R2 = 0.772); Line 2, (nn) white broiler meat with skin
(R2 = 0.995); Line 1, (n) dark broiler meat with skin (R2 = 0.963); Line
6, (ss) white (skinless) turkey meat (R2 = 0.986); Line 3, (s) dark (skin-
less) turkey meat (R2 = 0.993).



terms of their response. This may be a reflection of the physi-
ological immaturity of broilers when they are slaughtered,
and it is possible that the adult birds might show a sex differ-
ence in their response to dietary ALA. However, since the
vast majority of table chickens are slaughtered before they
reach puberty, any such differences are unlikely to be of prac-
tical importance.

The source of ALA may affect the efficiency with which it
is incorporated into body tissues, perhaps because of the pres-
ence of other antinutritional factors in the oil’s source, or the
interaction with other nutrients in the diet. A number of con-
founding factors in the responses to increasing dietary ALA
content with different ALA sources are illustrated in Figure 3
and summarized in Table 4. However, one can see that there is
no real relationship between dietary and tissue ALA concen-
tration when fish oil is fed, mainly because of the very low
ALA content of fish oil. The data do show that the richest
source of dietary ALA, and therefore the most effective means
of increasing the ALA content of edible poultry tissues, is lin-

seed oil. From these data, there is no clear evidence of oil
source affecting the efficiency with which ALA is incorporated
into body tissue. Data presented by Ajuyah et al. (34), how-
ever, do show that the physical form in which the oil is pre-
sented may affect the tissue ALA content of birds that consume
the oil. These authors observed that feeding a reconstituted
mixture of the extracted oilseed meal and free oil resulted in
significantly higher ALA contents in both white and dark meat
for linseed, but there was no significant difference with canola.
These results illustrate that the efficiency with which dietary
ALA is transferred from the diet to the edible tissues of poultry
is affected by the digestibility of the feed. Certain oilseeds (for
example, linseed, but not apparently canola) require some pro-
cessing to ensure that broilers consuming the seed are able to
digest and absorb the oil supplied. 

EPA

There is a generally linear relationship between the concentra-
tion of EPA in the diet and the EPA content of edible tissues
(Fig. 4), although there is considerable variation in the response
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TABLE 3 
Relationship Between Dietary Concentration of ALA and the Concentration of ALA
in the Edible Tissues of Poultry

Coefficient for
dietary ALA

Tissue Constant concentrationa R2 (%) P s

Broilers
Skinless white meat 0.189 0.015 30.9 0.000 0.267
Skinless dark meat 0.079 0.104 77.2 0.000 0.634
White meat with skin 0.777 0.343 99.5 0.002 0.223
Dark meat with skin 0.790 0.528 96.3 0.000 0.856

Turkeys
Skinless white meat 0.038 0.025 98.6 0.000 0.044
Skinless dark meat 0.158 0.216 99.3 0.000 0.263

aExpressed as g/kg fresh weight. For abbreviation see Table 1.

FIG. 2. The effect of broiler sex on the ALA content of dark meat in re-
sponse to increasing dietary concentrations of ALA. (—) (l) Male (R2 =
0.971, slope = 0.133 ± 0.0094); (----); (ll) female (R2 = 0.819, slope =
0.112 ± 0.0108). For abbreviation see Figure 1.

FIG. 3. The effect of different oil sources on the relationship between
increasing dietary ALA concentration and the concentration of ALA in
the dark meat of broilers. (l) Fish oil, R2 = 0.102; (n) linseed oil, R2 =
0.674; (ll) canola oil, R2 = 0.315.



with low dietary EPA contents. The two data points that indi-
cate a very high response to dietary EPA content are from
Komprda et al. (23) where EPA and DHA were not distin-
guished from each other, and these points therefore illustrate
the tissue response in terms of total EPA + DHA concentration.
Much of the tissue EPA content in these instances could there-
fore in fact be DHA. No clear distinctions could be made be-
tween meat with and without skin, but this was mostly because
of insufficient data (n = 4 for white meat with skin). However,
since EPA is concentrated in the phospholipids and the skin
lipids are predominantly TAG, the contribution that skin would
make to the EPA content of edible tissues would be small. This
is in contrast to what was observed with ALA, because of the
accumulation of ALA that occurs in TAG. There was also no
marked difference between white and dark meats in their EPA
content, suggesting that white meat (the more popular of the
two) is as good a source of EPA as is dark meat. 

The relationship between dietary and tissue EPA content is
described by Equations 1 and 2:

[EPA]white meat = 0.219 + 0.311[EPA]diet [1]

R2 = 0.671, s = 0.284, P = 0.000; and

[EPA]dark meat = 0.231 + 0.408[EPA]diet [2]

R2 = 0.448, s = 0.497, P = 0.000, where [EPA]white meat,
[EPA]dark meat, [EPA]diet are the concentrations (g/kg fresh

weight) of EPA in the white meat, dark meat, and diet, respec-
tively.

EPA in the tissues may come from either the direct incorpo-
ration of dietary EPA or the conversion of dietary ALA to EPA
by the bird. When the diet is supplemented with terrestrial
sources of n-3 PUFA, this is the only means by which EPA may
accumulate in the tissues, since the EPA content of terrestrial
plant oils is negligible. In Figure 5, the concentration of dietary
ALA has been plotted against tissue EPA concentration. There
is at best a very weak relationship between dietary ALA con-
tent and tissue EPA content, illustrating that supplementing the
poultry diet with ALA (the potential precursor of EPA) does
not enhance the EPA content of edible poultry tissues to any
nutritionally meaningful extent (23,27,28,42,44). There is evi-
dence that dietary ALA supplementation does result in conver-
sion of ALA to EPA by the bird, but the EPA that is synthesized
accumulates in the liver rather than the edible tissues (46).
There were relatively high concentrations of EPA with some
diets that had very low ALA contents (Fig. 5), because of the
inclusion of fishmeal as a protein source in these diets, which
would also supply a dietary source of EPA.

DHA

The increase in the DHA content of poultry lipids, particularly
in breast muscle, following the addition of fish oils or marine
algae to poultry diets is well established (21,22,25–
27,29,41,43,47). However, the clear linear relationship be-
tween the n-3 FA concentration in the diet and the correspond-
ing n-3 FA content of edible tissues that was observed with
ALA and EPA is not evident for DHA (Fig. 6). Relatively high
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FIG. 4. Relationship between the concentration of EPA in the diet and
the concentration of EPA in the edible tissues of poultry meat. (ll—)
White meat, R2 = 0.671; (l----) dark meat, R2 = 0.448.

TABLE 4  
Regression Statistics for the Relationships Between Increasing Dietary ALA Concentrations
from Different Oil Sources and the ALA Concentration in Dark Broiler Meata

Source Constant Coefficient R2 (%) P s

Fish oil –0.201 0.405 10.2 0.338 0.337
Linseed –0.224 0.117 67.4 0.000 0.936
Canola 0.374 0.054 31.5 0.116 0.425
aFor abbreviation see Table 1.

FIG. 5. Relationship between ALA concentration in the diet and EPA
content in the edible tissues of poultry. (ll) White meat, R2 = 0.0002;
(l) dark meat, R2 = 0.010.



intakes of DHA (achieved by high inclusion rates of fish oil or
fishmeal) show a more obvious relationship (Fig. 7), but the re-
gression statistics for these relationships are much weaker than
the corresponding relationships observed for EPA. The equa-
tions describing the relationships between DHA content in the
diet and in white and dark meat are as follows: 

[DHA]white meat = 0.420 + 0.173[DHA]diet [3]

R2 = 0.158, s = 0.6558, P = 0.179, and

[DHA]dark meat = 0.442 + 0.109[DHA]diet [4]

R2 = 0.344, s = 0.288, P = 0.017, where [DHA]white meat,
[DHA]dark meat, and [DHA]diet are the concentrations (g/kg
fresh weight) of DHA in the white meat, dark meat, and diet
respectively.

It is evident from Figure 6 that, even when the diet contains
little or no DHA, some DHA is to be found in the edible tissues
of poultry (albeit at very low concentrations), and more would

be found in their brain and nervous system. Birds are able to
synthesize DHA, but increasing the supply of substrate (ALA)
by increasing the ALA content of the diet clearly does not re-
sult in an increase in the DHA content of the edible tissues (Fig.
8). Indeed, it would almost appear that high ALA concentra-
tions in the diet reduce the accumulation of DHA in the tissues.
This lack of relationship between ALA intake and edible tissue
DHA content may be because the DHA that is synthesized is
not then partitioned to skeletal muscle (42), being accumulated
in the liver instead (46); or it could be that, as in the human, an
increase in ALA supply does not result in an increase in DHA
synthesis but rather an increase in β-oxidation of ALA (48) or
an accumulation of ALA in the tissues (49). In conclusion, it is
evident that dietary modifications can increase the DHA con-
tent of the edible tissues of poultry, but the magnitude of the
response and the factors that affect that response are unclear.

OXIDATIVE STABILITY AND ORGANOLEPTIC
QUALITY OF N-3 PUFA-ENRICHED POULTRY MEAT

Unsaturated lipids readily undergo oxidation to produce perox-
ides and aldehydes that are responsible for the reduction in stor-
age quality that is often associated with poultry meat with an
enhanced PUFA content (21,29). The oxidative stability of un-
saturated lipids decreases as their degree of unsaturation in-
creases, and so poultry meat with an enhanced ALA content
will be more susceptible to oxidation than poultry meat with a
similar concentration of LA. The peroxidizability index (PI) of
a lipid reflects the relative rate of peroxidation of each FA (50),
and is calculated from Equation 5 (51):

PI = (%monoenoic × 0.025) + (%dienoic × 1) + (%trienoic × 2) +
(%tetraenoic × 4) + (%pentaenoic × 6) + (%hexaenoic × 8) [5]

From this equation, it is clear that poultry meat with a higher
concentration of ALA compared with LA will be more suscep-
tible to oxidation, and also that poultry meat with an enhanced
concentration of EPA and DHA will be particularly susceptible
to oxidative damage. The balance of volatile compounds pro-
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FIG. 6. Relationship between DHA concentration in the diet and DHA
content in the edible tissues of poultry. (ll—) White meat, R2 = 0.093;
(l----) dark meat, R2 = 0.143.

FIG. 7. Relationship between DHA concentration in the diet and DHA
content in the edible tissues of poultry when the diets are supplemented
with marine oils or meals. (ll—) White meat, R2 = 0.158; (l----) dark
meat, R2 = 0.344.

FIG. 8. Relationship between ALA concentration in the diet and DHA
content in the edible tissues of poultry. (ll—) White meat, R2 = 0.016;
(l----) dark meat, R2 = 0.003.



duced from the oxidative breakdown of n-3 FA produces the
fishy aroma and off-taste that is characteristic of meat from poul-
try that have been fed n-3 FA (26,50,52), although if the oxida-
tion process can be limited or halted then the meat should remain
acceptable for human consumption. Indeed, Moran (53) con-
cluded from his review of the literature that the FA composition
of fat in lean tissue had minimal effect on the organoleptic quali-
ties of meat once peroxidation products had been eliminated. 

Synthetic antioxidants such as BHA or BHT that may be
added to the diet can help prevent oxidation of unsaturated di-
etary lipids, at least prior to consumption. Small amounts of
these antioxidants may then be found in the birds’ tissues (54),
which may then reduce the rate of oxidation of the lipid in the
meat (54,55). At lower inclusion rates of BHT, however (0.05
g/kg compared with 0.8 g/kg), the protective action of dietary
BHT did not extend to the meat (37). The use of α-tocopherol
as an antioxidant is effective at reducing the oxidation of un-
saturated lipids in meat, thereby preventing or delaying the
onset of off-flavors (32,52), and it appears that there is a con-
certed action in the tissues to protect n-3 PUFA, with α-tocoph-
erol being an excellent protector of these FA (56). Supplement-
ing birds’ diets with α-tocopherol (beyond their nutritional re-
quirements) does appear to be an effective means of increasing
the oxidative stability and organoleptic acceptability of poultry
meat with enhanced concentrations of n-3 PUFA (32,52,56).

Meat from poultry fed oxidized oils (as a result of heat treat-
ment or other spoilage) appears to be particularly susceptible
to oxidation (37,54), but it is not clear from the literature
whether this is because of an increased consumption of perox-
ides and other oxidation markers, which then increase the rate
of peroxidation of PUFA in meat tissue (and deplete the stores
of α-tocopherol and other antioxidants), or whether heated oils
that are incorporated into muscle tissue are more prone to oxi-
dation than fresh oils. Supplementing diets containing oxidized
oils with α-tocopherol reduced the rate of oxidation of the meat
(37,52). However it is clearly preferable to ensure when feed-
ing lipids with a high PI (as is the case when trying to increase
the concentration of ALA, EPA, or DHA in poultry meat) that
the dietary lipids used have not been subjected to heating or
other pro-oxidative processes, while also ensuring that the
birds’ diet is supplemented with α-tocopherol to maintain the
oxidative stability of the meat (56). 

The method of cooking may also affect the flavor of meat
from chickens fed fish oil. No unusual tastes were observed in
chickens fed 20 g/kg cod liver oil when their meat was fried and
served warm, but a fishy flavor became apparent when the meat
cooled, and a definite unpleasant flavor was observed when the
chicken was stewed or roasted (57). The susceptibility of differ-
ent tissues to the development of off-flavors is also variable. The
higher degree of unsaturation in white meat lipids compared with
dark meat means that the lipids in white meat are more suscepti-
ble to oxidation (52,58), particularly as it is the phospholipid
fraction (more concentrated in the white meat than the dark
meat) that is the main contributor to the development of oxida-
tion products (58). However, the higher fat content of dark meat
compared with white meat means that oxidation and the devel-

opment of off-flavors occur more quickly in dark meat compared
with white meat (32,50,58). A treatment that resulted in breast
meat with an acceptable flavor and high long-chain n-3 PUFA
content also produced wings that were unacceptable (33). Al-
though thighs and wings are less commercially valuable than
breast meat, such a treatment would clearly have a negative im-
pact on the whole-carcass market (33). Poultry meat with en-
hanced long-chain n-3 FA contents may also be more liable to
the development of a warmed-over flavor, which results from the
rapid onset of rancidity in cooked meat during short-term refrig-
erated storage (59). Although the concentration of oxidation
markers in freshly cooked chicken meat from broilers fed up to
120 g/kg fishmeal was not significantly different from that of
meat from birds fed no fishmeal, noticeable differences were ob-
served after 4 d of refrigerated storage (52). In a separate (un-
published) study of the experiment reported by Ratnayake et al.
(22), this was associated after just 2 d with the development of
off-flavors in the warmed-over meat from birds supplemented
with 120 g/kg fishmeal (60). 

In attempting to reduce the development of off-flavors in n-
3 FA-enhanced poultry meat, many studies have focused on re-
ducing or removing fish oils from the poultry diet for varying
periods of time before slaughter (41). Although this has often
been effective in making the product more acceptable to con-
sumers, it also has the effect of reducing the n-3 PUFA content
of the poultry meat. This approach therefore needs to find a bal-
ance between maximizing n-3 PUFA content of edible tissues
and maintaining an acceptable taste in the product. When using
fish oils to increase the long-chain n-3 PUFA content of poul-
try meat, Leskanich and Noble (21) recommended that only
high-quality (i.e., unoxidized) materials should be used, the
amount of fish oil or fishmeal in the diet should be limited (to
10 and 120 g/kg, respectively), and supplementary antioxidants
should be included in the diet. 

The feeding of marine algae rather than fish oil can result in
enhanced tissue EPA and DHA content, but without some of
the problems associated with off-flavors. This is probably be-
cause the oil droplets in algae are encapsulated within the algal
cell and this protects them, at least in part, from oxidative dete-
rioration (38). It is also possible that the algae contain more
natural antioxidants than fish oil. However, when broiler diets
were supplemented with fish oil or with natural golden marine
algae, a reduction in the flavor score was still observed al-
though this was less marked with the algae supplement (38). In
human nutrition, an alternative means of consuming n-3 FA is
to microencapsulate them and then include them in other foods.
This greatly increases their shelf life and palatability while also
maintaining their bio-availability (61). It is possible that
processed products containing poultry meat could incorporate
microencapsulated n-3 FA, although the whole chicken and
whole turkey market could not benefit in this way. An alterna-
tive approach may be to include microencapsulated fish oils in
poultry diets. This would ensure that the lipids absorbed by the
birds were not oxidized, which would in itself reduce the de-
velopment of off-flavors, but the meat itself would still need
protection from oxidation occurring during storage. 
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CONCLUSIONS

In adult humans, the conversion of ALA to EPA is limited, and
the further conversion to DHA appears to be marginal at best.
Increasing ALA intake does not increase the concentration of
EPA and DHA in the circulation, and there is no clear evidence
that it reduces any of the risk factors associated with coronary
heat disease. There is clearly a need for preformed EPA and
DHA in the human diet, but the intake of fish (the principal
source of EPA and DHA) is extremely low in northern Euro-
pean diets. 

When poultry are fed typical diets, their n-3 PUFA content is
low, with no evidence of any differences between sexes and
genotypes of different species of poultry. There may be some dif-
ferences between different poultry species, although no clear
comparisons could be found in the literature. However, in two
separate experiments in which broilers and turkeys had been fed
broadly similar diets, the ALA content of turkey meat was
greater than that of broiler meat. There was little difference in
the total EPA and DHA content of the broiler meat (both white
and dark) compared with turkey white meat, but the concentra-
tion of these FA in turkey dark meat appeared to be greater. Dark
meat is a relatively rich source of ALA, whereas EPA and DHA
accumulate in the white meat. However, the low lipid content of
white meat compared with dark meat results in the concentration
of EPA and DHA in white and dark meats being broadly similar.

Increasing the concentration of n-3 PUFA in poultry diets
results in an increase in the n-3 PUFA content of poultry meat.
Including feeds such as linseed in the diet increases the diet’s
ALA content, whereas marine sources (fish oil, fishmeal, or
marine algae) increase the diet’s EPA and DHA content. Lin-
ear relationships between diet ALA concentration and the ALA
content of edible poultry tissues were observed, particularly for
dark meat with skin. Skinless white meat had only a poor rela-
tionship between diet and tissue ALA content. There was no
evidence of bird sex or genotype affecting these relationships,
and data were insufficient to make a comparison between
species. However, one study suggested that the response to in-
creased ALA content may be lower in turkey white meat, but
greater in turkey dark meat compared with the corresponding
tissues in broilers.

The EPA content of poultry meat was increased by feeding
marine products (fishmeal, fish oil, and marine algae), and a
linear relationship between the concentration of EPA in the diet
and in both white and dark meat was observed. However, feed-
ing ALA did not cause a noticeable increase in EPA content,
suggesting that, as with humans, an increased supply of sub-
strate (ALA) did not induce an increased synthesis of product
(EPA). Some DHA was found in the edible tissues of poultry
even when no DHA was fed, but the concentrations were low.
The DHA content of edible poultry tissues was increased when
DHA was included in the diet (from marine products), but there
was no clear relationship between diet and tissue in terms of
their respective DHA contents.

Feeding marine products to poultry will increase their long-
chain n-3 PUFA content, but the oxidative stability of the meat

will decrease as a result. This has negative effects on both the
shelf life and the flavor of the meat. These shortcomings may
be overcome by ensuring that only good-quality materials are
used, by limiting the inclusion rate of fish oil or fishmeal in the
diet, and by including antioxidants such as α-tocopherol in the
diet at supranutritional concentrations (100 IU/kg). This can
then result in nutritionally meaningful amounts of long-chain
n-3 PUFA being delivered from the edible tissues of poultry
and could have beneficial effects on the health of consumers. 
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ABSTRACT: The effects of feeding CLA to hens on newly
hatched chick hepatic and carcass lipid content, liver TAG accu-
mulation, and FA incorporation in chick tissues such as liver,
heart, brain, and adipose were studied. These tissues were se-
lected owing to their respective roles in lipid assimilation (liver),
as a major oxidation site (heart), as a site enriched with long-
chain polyunsaturates for function (brain), and as a storage depot
(adipose). Eggs with no, low, or high levels of CLA were produced
by feeding hens a corn–soybean meal–basal diet containing 3%
(w/w) corn oil (Control), 2.5% corn oil + 0.5% CLA oil (CLA1), or
2% corn oil + 1.0% CLA oil (CLA2). The egg yolk content of total
CLA was 0.0, 1.0, and 2.6% for Control, CLA1, and CLA2, re-
spectively (P < 0.05). Maternal dietary CLA resulted in a decrease
in chick carcass total fat (P < 0.05). Liver tissue of CLA2 chicks
had the lowest fat content (P < 0.05). The liver TAG content was
8.2, 5.8, and 5.1 mg/g for Control, CLA1, and CLA2 chicks, re-
spectively (P < 0.05). The chicks hatched from CLA1 and CLA2
incorporated higher levels of cis-9,trans-11 CLA in the liver,
plasma, adipose, and brain than Control (P < 0.05). The content
of 18:0 was higher in the liver, plasma, adipose, and brain of
CLA1 and CLA2 than Control (P < 0.05), but no difference was
observed in the 18:0 content of heart tissue. A significant reduc-
tion in 18:1 was observed in the liver, plasma, adipose, heart, and
brain of CLA1 and CLA2 chicks (P < 0.05). DHA (22:6n-3) was
reduced in the heart and brain of CLA1 and CLA2 chicks (P <
0.05). No difference was observed in carcass weight, dry matter,
or ash content of chicks (P > 0.05). The hatchabilities of fertile
eggs were 78, 34, and 38% for Control, CLA1, and CLA2, respec-
tively (P < 0.05). The early dead chicks were higher in CLA1 and
CLA2 than Control (18 and 32% compared with 9% for Control),
and alive but not hatched chicks were 15 and 19% for CLA1 and
CLA2, compared with 8% for Control (P < 0.05). Maternal sup-
plementation with CLA leads to a reduction in hatchability, liver
TAG, and carcass total fat in newly hatched chicks. 

Paper no. L9648 in Lipids 40, 131–136 (February 2005).

CLA have received considerable attention for their potential to
repartition body mass in growing animals (1–3) and for their
suggested health-promoting effects (4–6). CLA is a collective

term used for a group of positional and geometric dienoic iso-
mers of essential linoleic acid (18:2n-6). Among the CLA iso-
mers, cis-9,trans-11 (c9,t11) and trans-10,cis-12 (t10,c12) are
the predominant ones found in foods of ruminant origins where
they are synthesized by rumen microbes. Because a major pro-
portion of fat in the U.S. diet is of animal origin, feeding strate-
gies have been adopted to increase the content of CLA in foods
of ruminant as well as nonruminant origin, such as pork,
chicken eggs, and meat (7–9), because of the possible health-
promoting properties of CLA (4–6). 

Enriching eggs with up to 14.8% CLA has been reported
through manipulation of the diets of laying hen (10). CLA in-
corporation in eggs resulted in a significant increase in satu-
rated FA (SFA) (16:0, 18:0) with a concomitant reduction in
monounsaturated FA(MUFA) (16:1, 18:1n-9) (10,11). How-
ever, feeding CLA had little effect on the total fat content of
egg. Yolk fat is primarily TAG (68%) and phospholipids
(28%). During the 21-d incubation period, the chicken embryo
utilizes over 80% of the yolk fat for energy production, for for-
mation of fat stores, and for synthesis of membrane phospho-
lipids (12,13). The yolk-derived lipids are reassembled into
TAG-rich lipoproteins by the endodermal cells of the yolk sac
membrane (12). Tissue maturation in the embryo is also depen-
dent on the incorporation of highly characteristic FA profiles
into cell membrane phospholipids. Recent studies suggest that
phospholipids containing long-chain n-6 and n-3 PUFA are in-
volved in many cellular signaling mechanisms such as cardiac
rhythm, neurotransmission, and photoreception (14). There-
fore, FA delivery, partitioning, and tissue uptake during incu-
bation affects embryonic health and hatchability. Adverse ef-
fects of yolk CLA on hatchability (15), yolk absorption and re-
duction in chick VLDL TAG were reported (16). Because the
CLA composition of egg yolk can be manipulated by diet, the
CLA-modified egg is a useful research tool for studying the
role of maternal dietary CLA on lipid metabolism in the prog-
eny. Given that CLA are known to have significant effects on
lipid partitioning in mammals, it is important to evaluate the
extent to which supplementation of CLA during development
through maternal supply (yolk) influences FA composition and
TAG allocation in hatched chicks. The objectives of the pre-
sent study were to investigate the effects of feeding CLA to
hens on chick hepatic and carcass lipid content, liver TAG ac-
cumulation, and FA incorporation into chick tissues such as liver,
heart, brain, and adipose. These tissues were selected because of
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their respective roles in lipid assimilation (liver), oxidation
(heart), functional long-chain PUFA incorporation (brain), and
storage (adipose). 

MATERIALS AND METHODS 

These experiments were reviewed by the Oregon State Univer-
sity Animal Care and Use Committee to ensure adherence to
Animal Care Guidelines.

Maternal diet and egg enrichment of CLA. Eggs with dif-
ferent levels of CLA were obtained by feeding New Hampshire
breeder hens a corn–soybean meal-based diet containing 3%
corn oil (Control), 2.5% corn oil + 0.5% CLA oil (CLA1), and
2% corn oil + 1% CLA oil (CLA2). All the diets were isoener-
getic (2900 kcal/kg feed) and isonitrogenous (16% crude pro-
tein). The FA composition of the diets is shown in Table 1.
Corn oil was purchased from a local market. The CLA oil con-
taining 75% FFA oil was donated from a commercial source
(CLA One®; Pharmanutrients, Lake Bluff, IL) and was made
of approximately equal amounts of c9,t11 and t10,c12. The
other FA in the CLA oil were 16:0 (4.4%), 18:0 (2.8%), 18:1
(15.4%), and 18:2 n-6 (1.8%). The diets were mixed weekly
and were stored in a cold room (4°C) in airtight containers. The
experimental diets were fed to hens (n = 30; 10 per treatment)
for a period of 6 wk. The birds were kept individually in cages
and were maintained on a 16:8 light/dark photoperiod and stan-
dard conditions of temperature and ventilation as per Oregon
State University Poultry Farm standard operating procedures.
Water and feed were provided ad libitum. 

Sample collection. After 5 wk on experimental diet, hens
were artificially inseminated with 0.05 mL of pooled semen
collected immediately before insemination. Eggs were gath-
ered for 10 d after insemination and were held in a cold room
at 65°F (18.3°C). All eggs were warmed to room temperature
before setting in the incubator. All the eggs were distributed
randomly in the incubator. A total of 180 eggs (60 eggs per
treatment) were incubated at 37°C and 85% RH. Hatching

times were observed from day 21 onward in the morning and
evening. The hatched chicks from all treatments were counted
in the early morning of Day 22. The eggs that did not hatch
were removed from the incubator and were also counted. The
eggs were broken open and the number of embryos that were
dead or pips (i.e., alive and pipped through the shell, but not
free of the shell) were also counted. The hatched chicks (five
per treatment) were sacrificed, and heart, adipose, liver, and
blood (1 mL) were collected. From the remaining hatched
chicks five were taken for proximate analysis. All samples were
stored at −80°C and were analyzed within 2 mon of collection. 

Carcass pressure cooking. The carcasses were autoclaved
individually in pyrex beakers at 121°C (15 psi) for 2.5 h. When
cool, the contents of each beaker were homogenized in a 4-L
Waring heavy-duty laboratory blender on high speed (20,000
rpm) for 5 min. The resulting slurry was taken for lipid and
proximate analysis according to methods of the Association of
Official Analytical Chemists (17).

Lipid analyses. Total lipids were extracted from feed, egg
yolk, liver, heart, adipose, plasma, and carcass slurry by the
method of Folch et al. (18). About 1 g of yolk, feed, carcass
slurry, adipose, or whole tissues (heart, brain, liver) was
weighed into a screw-capped test tube with 18 mL of chloro-
form/methanol (2:1, vol/vol), and homogenized with a poly-
tron (Type PT10/35; Brinkman Instruments, Westbury, NY) for
15 to 20 s at high speed. After an overnight incubation at 4°C,
4 mL of 0.88% sodium chloride solution was added and mixed.
The phases were separated by centrifugation, and the lower
chloroform layer was collected for lipid and FA analysis. Total
lipids were determined gravimetrically for liver, egg yolk, and
carcass. The lipid extract (2 mL) was taken into a 16-mL
screw-capped glass tube and dried in a block heater at 39°C
under a gentle stream of nitrogen. The dried lipids were resolu-
bilized in 2 mL of boron trifluoride/methanol (10% w/w) and
were heated in a 95–100°C water bath for 60 min and FAME
were prepared. The FAME were separated and quantified by
GC.

Analysis of FA composition was performed with an HP
6890 gas chromatograph (Hewlett-Packard Co., Wilmington,
DE) equipped with an autosampler, FID, and fused-silica cap-
illary column, 100 m × 0.25 mm × 0.2 µm film thickness (SP-
2560; Supelco, Bellefonte, PA). Sample (2 µL) was injected
with helium as a carrier gas onto the column programmed for
ramped oven temperatures (initial temperature was 110°C, held
for 0.5 min, then ramped at 20°C/min to 200°C and held for 50
min, then ramped at 10°C/min to 230°C and held for 5.0 min).
Inlet and detector temperatures were both 250°C (12). Peak
areas and percentages were calculated using Hewlett-Packard
ChemStation software. FAME were identified by comparison
with retention times of authentic standards (Matreya, Pleasant
Gap, PA). FA values and total lipids are expressed as weight
percentages. 

Liver TAG were estimated by adapting an enzyme-based
procedure with a colorimetric end point, originally developed
for serum as reported earlier (19). The liver tissue total lipid
extract served as substrate. A glycerol standard (G1394-5ML;
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TABLE 1 
Major FA Composition (%) of Maternal Diets

Dietary treatmentsa

FA Control CLA1 CLA 2

14:0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
16:0 13.5 ± 0.7 13.3 ± 0.1 13.2 ± 0.1
18:0 1.9 ± 0.1 1.9 ± 0.1 1.9 ± 0.1
18:1 25.4 ± 0.8 24.0 ± 0.6 23.4 ± 0.7
18:2 56.8 ± 0.3 52.8 ± 0.1 49.1 ± 0.2
18:3n-3 2.4 ± 0.0 2.4 ± 0.1 2.2 ± 0.1
Cis-9,trans-11 CLA 0.0 ± 0 2.6 ± 0.0 4.7± 0.1
Trans-10,cis-12 CLA 0.0 ± 0 2.9 ± 0.0 5.3 ± 0.2
Total SFA 15.5 ± 0.5 15.3 ± 0.2 15.2 ± 0.3
Total MUFA 25.4 ± 0.6 23.9 ± 0.1 23.5 ± 0.2
Total CLA 0.0 ± 0.0 5.6 ± 0.1 10.0 ± 0.1
Total n-6 PUFA 56.7 ± 0.3 52.8 ± 0.1 49.1 ± 0.4
Total n-3 PUFA 2.4 ± 0.0 2.4 ± 0.1 2.2 ± 0.1
aControl diet contained 3% corn oil. CLA1 and CLA2 represent corn oil +
0.5% CLA or corn oil + 1% CLA, respectively. SFA, saturated FA; MUFA,
monounsaturated FA.



Sigma Chemical, St. Louis, MO) was used for calibration of
the assay, and Accutrol normal control serum (A2034-1VL;
Sigma Chemical) for quality control. 

Statistical analysis. The effects of maternal diet on carcass
lipids, hepatic and plasma lipids, TAG, and FA were analyzed
by ANOVA using SAS (version 8.2) (SAS Institute, Cary, NC)
(20). Student–Newman–Keuls multiple range test (21) was
used to compare differences among treatment means (P <
0.05). Mean values and SEM are reported. 

RESULTS AND DISCUSSION

All the diets were isoenergetic, isonitrogenous, and had added
3% oil, which was within the limits of energy and protein sup-
plied to breeder hens. Addition of CLA oil altered the c9,t11
and t10,c12 content of the diets (Table 1). CLA were present
only in the CLA-supplemented diets (CLA1 and CLA2) and
consisted of both c9,t11 and t10,c12. Incorporating CLA oil in
the diet resulted in a significant increase in c9,t11 and t10,c12
content of eggs (Fig. 1A). The content of total CLA was 1.0
and 2.6%, respectively, in CLA1 and CLA2 eggs. Inclusion of
CLA also resulted in an increase in SFA (16:0, 18:0) with a
concomitant reduction in MUFA (18:1) resulting in an increase
in SFA/MUFA ratio in CLA1 and CLA2 eggs (Fig. 1B). These
results also corroborate our previous reported results and those
of others (10,11). This decrease in MUFA may be due to inhi-
bition of the expression of the stearoyl-CoA desaturase-1
(SCD-1) enzyme that converts 16:0 and 18:0 to 16:1 and 18:1
by CLA, respectively (22). Inclusion of CLA did not alter the
total lipid content of egg, which was 30.6, 31.2, and 29.9 for
Control, CLA1, and CLA2, eggs, respectively (P > 0.05). 

Liver lipids, TAG, and FA. A significant effect of dietary
CLA on hepatic total lipid was noted. Livers of chicks hatched
from hens fed CLA2 were lower in total lipids than Control
chicks (P < 0.05) (Fig. 2A). The decrease in liver lipids by yolk
CLA could be the consequence of a higher oxidation rate of
these FA as reported in mice fed t10,c12 CLA (23). The de-
crease in liver lipids was associated with a decrease in hepatic
TAG concentration in both CLA1 and CLA2 chicks (P < 0.05)
(Table 2). To our knowledge, effects of maternal dietary CLA
on liver TAG concentrations in hatched chicks have not been
previously reported. Transfer of lipids and fat-soluble nutrients
from the egg yolk to the embryonic liver is accomplished by
TAG-rich lipoproteins through the yolk sac membrane (24).
The percentage of TAG in VLDL particles has been reported
to be lower in chicks hatched from hens fed CLA (16). These
researchers also observed a reduction in remnant yolk in the
chicks hatched from hens fed CLA, suggesting that CLA en-
richment in the yolk leads to either an impairment in yolk lipid
removal or hepatic tissue TAG accretion during the incubation
period. Since yolk TAG is the main source of energy for avian
embryos, a lack of mobilization or an impairment in absorp-
tion may affect chick health. In our study, the percentages of
early dead chicks were higher in CLA1 and CLA2 than Con-
trol (18 and 32% compared with 9% for Control), and alive but
not hatched (pipped) chicks were 15 and 19% for CLA1 and

CLA2 compared with 8% for Control. The hatchabilities of fer-
tile eggs were 78, 34, and 38% for Control, CLA1, and CLA2,
respectively (P < 0.05). CLA have been reported to accumu-
late in the liver mitochondrial matrix affecting the oxidation of
other FA (23). Because the avian embryo derives 90% of its en-
ergy from oxidation of FA, a reduced energy source may lead
to embryonic death or an increase in live but not hatched
chicks, as noted in our study.

An increase in egg yolk CLA resulted in a dramatic change
in the chick liver SFA and MUFA content (Table 2). A signifi-
cant increase in 18:0 with a concomitant decrease in 18:1 was
observed in CLA1 and CLA2 chicks. The inhibitory action of
CLA on SCD-1, the enzyme capable of converting 18:0 to
18:1, has been reported (22). In the present study, yolk and liver
18:0 was significantly higher in the CLA1 and CLA2 groups,
indicating the inhibitory action of maternal CLA on SCD-1. An
alteration of ∆-6 desaturase in chick liver due to an altered n-
6/n-3 FA ratio in the maternal diet has been reported (25).
These results suggest that maternal FA may have a profound
effect on liver enzyme activities affecting unsaturated FA me-
tabolism during avian embryonic development. Total CLA
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FIG. 1. CLA isomers (%) (A) and total saturated to monounsaturated
ratio (B) in the egg yolk from breeder hens fed diets containing 0.0,
0.5%, or 1.0% CLA. a–cMeans with different superscripts differ signifi-
cantly for each bar (P < 0.05) (n = 5). Control diet contained 3% corn
oil. CLA1 and CLA2 represent 2.5% corn oil + 0.5% CLA or 2% corn
oil +1% CLA.



were higher in the liver of CLA2 chicks. The c9,t11 isomer was
the predominant isomer and was higher (P < 0.05) in livers
from CLA1 and CLA2 chicks (Table 2). In addition to the
changes in SFA and MUFA, the content of 18:2n-6 and total n-
6 FA was higher in CLA1 and CLA2 chicks (P < 0.05). The
level of DHA (22:6n-3) was lower in CLA2 chicks (P < 0.05). 

The FA composition of chick plasma, adipose, heart, and
brain tissue is shown in Tables 3 and 4. Stearic acid (18:0) was
increased significantly in the plasma and brain of CLA1 and
CLA2 chicks compared with the Control (Table 3). However,
no difference was observed in the heart tissue content of 18:0
in CLA1 and CLA2, suggesting that the activities of SCD-1 in
chickens may be tissue-specific. Consistent with findings in the
liver, 18:1 was significantly reduced in the plasma, heart, and
brain tissue of CLA1 and CLA2 chicks (Tables 3 and 4). Inclu-

sion of CLA also resulted in a significant increase in linoleic
acid (18:2 n-6) in CLA1 and CLA2 chicks in the plasma, heart,
and brain. The enrichment of total CLA due to maternal diet in
the order of magnitude was adipose > liver > plasma > brain.
No CLA was detected in the heart tissue. The contents of long-
chain n-6 PUFA such as arachidonic acid (20:4n-6), 22:4n-6,
and 22:5n-6 were higher in the brain tissue of CLA1 and CLA2
chicks than in Control chicks (P < 0.05). However, DHA
(22:6n-3) was lower in the heart and brain tissue of CLA1 and
CLA2 chicks by maternal supplementation of CLA than in
control chicks (P < 0.05). Although an adverse effect of yolk
CLA on hatchability has been reported (15), very few studies
have investigated the role of egg CLA during avian embryonic
development. The alteration of n-6 and n-3 FA observed in the
chick tissues in the current study may also affect eicosanoid
metabolism in these tissues. Feeding CLA has been reported to
reduce the levels of brain prostaglandin E2 in mice (26). The
decrease in the concentration of 18:1 and the altered
SFA/MUFA ratio, along with impaired eicosanoid metabolism
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FIG. 2. Hepatic total lipid (A) and TAG (B) content of newly hatched
chicks from breeder hens fed diets with or without CLA. a–bMeans with
different superscripts differ significantly (P < 0.05) (n = 5). Control diet
contained 3% corn oil. CLA1 and CLA2 represent 2.5% corn oil + 0.5%
CLA or 2% corn oil +1% CLA.

TABLE 2
Major FA Composition (%) of Newly Hatched Chick Liver Total Lipids 

Dietary treatmentsa

FA Control CLA1 CLA2

14:0 0.60 ± 0.0b 0.91 ± 0.0a 0.99 ± 0.0a

16:0 10.2 ± 0.8 9.8 ± 0.8 9.6 ± 0.9
16:1 1.0 ± 0.3 0.8 ± 0.1 0.8 ± 0.1
18:0 11.1 ± 1.0b 14.9 ±1.0a 15.3 ± 1.2a

18:1 n-9 49.1 ± 3.6a 36.5 ± 2.0b 33.7 ± 3.1b

18:2 n-6 16.4 ± 0.7c 24.1 ± 1.2b 25.8 ± 1.2a

18:3 n-3 0.0 ± 0.0c 0.5 ± 0.0b 0.6 ± 0.0a

20:4 n-6 8.0 ± 1.0 8.3 ± 0.4 7.8 ± 1.1
Cis-9,trans-11 CLA 0.0 ± 0.0c 0.7 ± 0.1b 1.6 ± 0.1a

Trans-10,cis-12 CLA 0.0 ± 0.0b 0.0 ± 0.0b 0.3 ± 0.2a

22:4 n-6 0.1 ± 0.2 0.4 ± 0.2 0.4 ± 0.2
22:5 n-6 1.2 ± 0.2 1.1 ± 0.1 1.0 ± 0.2
22:6 n-3 2.3 ± 0.4a 1.8 ± 0.3ab 1.4 ± 0.4b

Total SFA 21.2 ±1.4b 24.7 ± 1.6a 25.2 ± 2.1a

Total MUFA 50.5 ± 3.5a 38.1 ± 2.0b 35.5 ± 2.8b

Total n-6 PUFA 25.9 ± 2.0b 34.1 ± 1.3a 35.3 ± 0.7a

Total n-3 PUFA 2.3 ± 0.4 2.3 ± 0.3 2.2 ± 0.4
aControl diet contained 3% corn oil. CLA1 and CLA2 represent 2.5% corn
oil + 0.5% CLA or 2% corn oil +1% CLA. a-cMeans ± SD with different su-
perscripts within a row differ significantly (P < 0.05) (n = 5). For abbrevia-
tions see Table 1. 

TABLE 3
Major FA Composition (%) of Newly Hatched Chick Plasma
and Adipose Tissuea

Dietary treatments

FA Control CLA1 CLA2

Plasma

14:0 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0
16:0 19.7 ± 1.2 20.2 ± 1.3 21.1 ± 1.1
16:1 0.9 ± 0.5 1.0 ± 0.2 0.8 ± 0.2
18:0 11.9 ± 0.8b 14.5 ± 0.4a 15.1 ± 0.9a

18:1 n-9 30.1 ± 1.4a 20.8 ± 1.3b 18.6 ± 1.5c

18:2 n-6 25.4 ± 0.9b 31.1 ± 1.8a 33.8 ± 1.1a

20:4 n-6 9.3 ± 1.0a 9.3 ± 1.3a 6.8 ± 1.7b

Cis-9,trans-11 CLA 0.0 ± 0.0b 0.5 ± 0.1a 0.7 ± 0.1a

Trans-10,cis-12 CLA 0.0 ± 0 0.0 ± 0 0.1 ± 0.0
22:5 n-6 0.6 ± 0.1 0.8 ± 0.1 0.6 ± 0.2
22:6 n-3 0.6 ± 0.3 0.6 ± 0.2 0.2 ± 0.0
Total SFA 32.2 ± 1.1c 34.9 ± 1.7ab 36.7 ± 0.2a

Total MUFA 31.9 ± 2.4a 22.4 ± 1.1b 20.4 ± 2.1b

Total n-6 PUFA 35.4 ±1.3b 41.2 ± 1.6a 41.4 ± 0.9a

Total n-3 PUFA 0.6 ± 0.1b 1.4 ± 0.1a 0.9 ± 0.1a

Total CLA 0.0 ± 0c 0.5 ± 0.1b 0.8 ± 0.1a

Adipose

14:0 0.8 ± 0.0b 0.9 ± 0.1ab 0.9 ± 0.1a

16:0 28.9 ± 0.3c 31.8 ± 0.8b 32.7 ± 0.6a

16:1 2.1 ± 0.2a 1.0 ± 0.2b 0.3 ± 0.3c

18:0 7.0 ± 0.6c 9.4 ± 0.7b 10.8 ± 0.3a

18:1 n-9 35.2 ± 1.6a 21.4 ± 0.6b 18.8 ± 0.4c

18:2 n-6 24.0 ± 1.2b 33.1 ± 0.8a 32.5 ± 0.6a

18:3 n-3 0.3 ± 0.2b 0.9 ± 0.1a 1.0 ± 0.1a

20:4 n-6 1.5 ± 0.2a 0.9 ± 0.1b 0.6 ± 0.1b

Cis-9,trans-11 CLA 0.0 ± 0c 0.7 ± 0b 1.4 ± 0a

Trans-10,cis12 CLA 0.0 ± 0c 0.3 ± 0b 0.8 ± 0.1a

Total SFA 36.7 ± 0.6c 42.1 ± 1.4b 44.5 ± 1.0a

Total MUFA 37.4 ± 1.8a 22.3 ± 0.6b 19.1 ± 0.6c

Total n-6 PUFA 25.5 ± 1.4b 34.0 ± 0.9a 33.1 ± 0.7a

Total n-3 PUFA 0.4 ± 0b 0.9 ± 0a 0.9 ± 0a

aControl diet contained 3% corn oil. CLA1 and CLA2 represent 2.5% corn
oil + 0.5% CLA or 2% corn oil + 1% CLA. a-cMeans ± SD with different su-
perscripts within a row differ significantly (P < 0.05) (n = 5). For abbrevia-
tions see Table 1.



through alteration in n-6 and n-3 FA ratio, may all contribute to
embryonic health and survival in CLA-enriched eggs. 

Enrichment of yolk with CLA did not affect the carcass
weight, carcass dry matter, or ash content (Table 5). However,
chick carcasses from CLA1 and CLA2 were lower in total fat
than in Control (P < 0.05). The carcass fat for CLA2 chicks
was 26% less than Control chicks. Latour et al. (16) reported
an increase in the retention of remnant yolk in chicks hatched
from eggs containing CLA. Inhibition of yolk fat absorption or
transfer through the yolk sac or an increase in oxidation may
contribute to the reduced fat accumulation in CLA1 and CLA2
chicks. The beneficial effect of CLA in reducing body fat mass
has attracted great attention and has been reported in various
species (2,3). Feeding CLA at 2 or 3% has been associated with
reduced carcass fat in broilers (27). The moisture and ash con-
tents of chick carcasses in our study were not affected by ma-

ternal dietary CLA, in agreement with studies reported in
broiler chickens fed diets containing 2 or 3% CLA (27). 

Poor hatchability and an increase in culls are major eco-
nomic losses to hatching egg producers. Owing to the current
interest in increasing the CLA content of ruminant and non-
ruminant foods, fats and FA from rendered sources may enter
the livestock and avian feed chain. Inclusion of such rendered
fat in the diets of breeder birds and egg-laying species may af-
fect the health of the progeny. The results from the present
study demonstrating that increasing yolk CLA alters lipid me-
tabolism in chicks suggest that further investigations are
needed on the use of CLA in breeder animal feeding and also
on the long-term clinical use of CLA supplementation in lac-
tating women. 
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ABSTRACT: Human studies suggest that CLA changes metabo-
lism, possibly through effects on mRNA expression of desaturase
and elongase enzymes. In this respect, differential effects of the
two most common dietary CLA isomers, cis-9,trans-11 (c9,t11)
and trans-10,cis-12 (t10,c12) CLA, have hardly been studied. We
therefore gave 25 healthy, overweight men and women daily for
6 wk a drinkable dairy product containing 3 g of oil that was rich
in oleic acid. For the next 18 wk, the control group (n = 7) con-
tinued to use this product, whereas the second (n = 9) and third
groups (n = 9) received products with 3 g of purified c9,t11 CLA
or t10,c12 CLA. For each gram of c9,t11 CLA consumed, the pro-
portion in plasma phospholipids increased by 0.26%. For t10,c12
CLA, this value was 0.20%. The t10,c12 CLA isomer increased
plasma TAG levels of conjugated 18:3, whereas c9,t11 CLA in-
creased those of both conjugated 18:3 and 20:3. In plasma phos-
pholipids, the ∆9 desaturation index of 18:0 (18:1n-9/18:0) was
decreased by t10,c12 CLA (P = 0.03 for diet effects), and the ∆6
desaturation index [(18:3n-6 + 20:3n-6)/18:2n-6] was decreased
by both CLA isomers (P < 0.01 for diet effects). The ∆5 desatura-
tion index (20:4n-6/20:3n-6) and the ∆9 desaturation index of
16:0 (16:1n-7/16:0) were not affected. No effects were seen on
mRNA expression of desaturases and elongase in peripheral
blood mononuclear cells (PBMC). We therefore conclude that in-
corporation of c9,t11 and t10,c12 CLA into plasma lipids reflects
dietary intakes. Compared with oleic acid, ∆9 and ∆6 desatura-
tion indices in plasma phospholipids are decreased after con-
sumption of c9,t11 or t10,c12 CLA. Effects on desaturation in-
dices were, however, not reflected by changes at the transcrip-
tional level for the various desaturases and elongase enzymes in
PBMC.

Paper no. L9653 in Lipids 40, 137–145 (February 2005).

CLA refers to a group of positional and geometrical isomers of
linoleic acid containing conjugated double bonds. Cis-9,trans-
11 (c9,t11) CLA is the most common CLA isomer in nature
and is present in ruminant products, whereas commercially

available capsules enriched with CLA also contain other iso-
mers such as trans-10,cis-12 (t10,c12) CLA (1). Because of
their postulated health benefits (2,3), dietary supplements with
CLA are now widely available. To explain these health effects,
several mechanisms have been proposed, including regulation
of genes coding for enzymes known to modulate lipid and FA
metabolism, such as desaturases (2,4).

Desaturases are involved in the formation of long-chain
metabolites from precursor FA such as stearic, linoleic, and α-
linolenic acids. Studies in mice and rats have indeed reported
that CLA, mainly the t10,c12 isomer, suppressed ∆9 desaturase
mRNA expression or enzyme activity (5–7). Moreover, the
c9,t11 isomer decreased ∆6 desaturase activity in liver micro-
somes (5). In cell culture studies, effects of t10,c12 CLA on ∆9
desaturase activity were confirmed in a human hepatoma-de-
rived cell line (HepG2) (8,9). However, effects of c9,t11 CLA
on desaturase activities are inconsistent (8,9). Furthermore, ef-
fects of both CLA isomers at the mRNA expression level of
desaturases have hardly been studied. Because desaturation
products play an important role in many processes including
eicosanoid production, lipid metabolism, and immune function
(2,3), inhibition of desaturation may influence health. Most
human studies, however, have been carried out using a mixture
of CLA isomers and have not focused on specific effects of the
major CLA isomers (10–12). Isomer-specific effects of CLA,
as observed in animal studies, may explain conflicting results
in humans (4,13). Therefore, to examine whether c9,t11 CLA
and t10,c12 CLA affect desaturation differently in humans, we
investigated the effects of these two CLA isomers on the FA
compositions of plasma phospholipids (PL), cholesteryl esters
(CE), and TAG. In addition, effects on mRNA expression of
∆9, ∆6, and ∆5 desaturases and of elongase by peripheral blood
mononuclear cells (PBMC) were studied. Recently, the human
∆5 (14), ∆6 (15), and ∆9 (16) desaturase and elongase (17)
genes have been characterized, and reverse transcription quan-
titative PCR (RT-qPCR) were developed based upon the desat-
urase and elongase gene sequences.

EXPERIMENTAL PROCEDURES

Subjects. Healthy male and female volunteers were recruited
via advertisements in local newspapers. Interested people were
informed about the purposes and requirements of the study and
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had to give their written informed consent before they entered
the screening procedure. This procedure consisted of two fast-
ing blood samples for analysis of serum lipids and lipoproteins,
hematological parameters, C-reactive protein, and liver and
kidney functions, measurement of blood pressure, and collec-
tion of a morning urine specimen for analysis of glucose. Par-
ticipants had to meet all of the eligibility criteria: aged 35–65
yr, body mass index between 25 and 30 kg/m2, diastolic blood
pressure below 95 mmHg and systolic blood pressure below
160 mmHg, fasting serum total cholesterol concentrations less
than 7.0 mmol/L, serum TAG concentrations below 3.0
mmol/L, and plasma glucose below 6.0 mmol/L. Furthermore,
subjects were apparently healthy as indicated by a medical
questionnaire, not pregnant, and weight stable during the past
3 mon; had no history of atherosclerotic disease or malignancy
within the past 5 yr, normal liver and kidney function, no gly-
cosuria or anemia, no abuse of drugs or alcohol, and no use of
any medication known to affect lipid or glucose metabolism.
Blood donation or participation in another biomedical trial was
not allowed within 4 wk before the start of the study or during
the study.

The Medical Ethics Committee of Maastricht University ap-
proved the study protocol. This study was part of a multicenter
study as reported elsewhere (18). For 25 subjects of the placebo
group and the high-dose CLA groups of the Maastricht cohort,
desaturase expression in PBMC and FA compositions of plasma
lipids were analyzed. During the screening period, their body
mass indexes ranged from 24.4 to 30.5 kg/m2 (mean 27.4
kg/m2). The subjects’ fasting serum lipid levels ranged from 3.2
to 6.8 mmol/L for total cholesterol (mean 5.0 mmol/L), from 0.8
to 2.8 mmol/L for HDL cholesterol (mean 1.2 mmol/L), and
from 0.4 to 2.4 mmol/L for TAG (mean 1.2 mmol/L).

Study design. The study had a randomized, double-blind,
placebo-controlled, parallel design. During the first 6 wk of the
trial (run-in period), all volunteers consumed daily a dietary
supplement providing 3 g of high-oleic sunflower oil (placebo).
After the run-in period, subjects were randomly allocated to
one of the three treatment groups. For the next 18 wk of the
study (intervention period), one group (n = 7) continued to con-
sume the placebo dairy product daily. The second (n = 9) and
third (n = 9) groups consumed the dairy product with 3 g of pu-
rified c9,t11 CLA or 3 g of t10,c12 CLA, respectively.

Dietary supplements containing CLA were provided as an
acidified drinkable dairy product produced by Danone
(Palaiseau, France) as described earlier (18). The two different
isomers of CLA, c9,t11 CLA and t10,c12 CLA, were incorpo-
rated as a TAG in the dairy drinks and were produced by Nat-
ural Lipids Ltd. (Hovdebygda, Norway). Different flavors were
added to the products. The placebo product used during the
run-in period had a different flavor from the one used during
the intervention period. Bottles were packaged in boxes of 14.

Participants consumed one bottle daily (100 mL) of this di-
etary supplement between lunch and dinner. In a diary, partici-
pants had to record the daily time of consumption of the sup-
plements and to note any signs of illness, medication used, al-
cohol consumption, and any deviations from the study

protocol. Subjects were urged not to change their habitual diet,
level of physical exercise, smoking habits, or use of alcohol
during the study. Volunteers visited the university at least once
every 2 wk to receive a new supply of supplements. Supple-
ments that were left over had to be returned and were counted
as a measure of compliance. Compliance was also checked by
analysis of the FA composition of plasma PL. Furthermore, at
each visit a dietitian checked the diary.

Blood sampling. Blood samples were obtained at the end of
the run-in period (week 6) and at the end of the intervention pe-
riod (week 24) after an overnight fast. Moreover, participants
were instructed not to use alcohol during the previous day and
not to smoke on the morning before blood sampling. Venous
blood was sampled using a vacutainer system with the volun-
teer in a recumbent position. For RNA isolation from PBMC,
blood was collected into two EDTA tubes and kept on ice until
leukocyte isolation. In addition, one EDTA tube was collected
to obtain plasma for analysis of the FA composition of plasma
lipids. This tube was centrifuged within 1 h after venipuncture
at 3500 × g for 30 min at 4°C. Plasma samples were snap-
frozen in liquid nitrogen and stored at –80°C.

Leukocyte isolation. PBMC were isolated from blood by
gradient centrifugation using Lymphoprep (Nycomed Ltd.,
Birmingham, United Kingdom). Before isolation of PBMC,
blood was diluted by addition of an equal volume of Hanks’
balanced salt solution (HBSS; Gibco BRL, Life Technologies,
Breda, The Netherlands). Then 2 vol of diluted blood was lay-
ered over 1 vol of Lymphoprep in a 50-mL centrifuge tube
(Greiner Bio-One, Alphen a/d Rijn, The Netherlands). After
centrifugation at 800 × g for 30 min at 4°C, the interphase con-
taining PBMC was transferred into a new 50-mL centrifuge
tube. PBMC were washed with an equal volume of HBSS and
centrifuged for 10 min at 250 × g at 4°C. The cell pellet was
resuspended in 1.5 mL Trizol reagent (Gibco BRL, Gaithers-
burg, MD) and transferred into an RNase-free 2 mL tube (Ep-
pendorf, Hamburg, Germany).

RNA preparation. Total RNA from PBMC was prepared ac-
cording to the manufacturer’s instructions of the Trizol reagent
(Gibco BRL). Briefly, 300 µL chloroform was added to separate
phases. After incubation for 2–3 min at room temperature and
centrifugation for 15 min at 12,000 × g (4°C), the water phase,
containing the RNA, was pipetted into a clean RNase-free tube.
Then, the RNA was precipitated by addition of 750 µL iso-
propanol. After incubation for 20 min at –80°C and centrifuga-
tion for 10 min at 12,000 × g (4°C), the RNA pellet was washed
twice with 75% ethanol. In each washing step, the samples were
centrifuged for 5 min at 7,500 × g (4°C). Finally, RNA was dried
and dissolved in 50 µL RNase-free water by incubation at
55–60°C for 10 min. Subsequently, both RNA samples were
pooled and further purified using the RNeasy Mini Kit (Qiagen,
Leusden, The Netherlands). During this purification procedure,
RNA was treated on-column with DNase (RNase-free DNase
set; Qiagen) as described in the manufacturer’s protocol. Before
storage at –80°C, the RNA concentrations were measured spec-
trophotometrically at 260 nm. All RNA preparations must have
an A260/A280 ratio of >1.8 to ensure RNA purity.
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cDNA synthesis. Aliquots of 350 ng of total cellular RNA
were reverse-transcribed. All samples were denatured for 5 min
at 85°C. Reverse transcription of RNA was performed in 40
µL RT mixture containing first strand buffer, 10 mM DTT, 400
U Moloney mouse murine leukemia reverse transcriptase, 20
U ribonuclease inhibitor (all provided by Gibco BRL), 5 µM
random hexamers (Applied Biosystems, Nieuwerkerk a/d Ijs-
sel, The Netherlands), and 375 µM deoxynucleotides (Amer-
sham Pharmacia Biotech, Woerden, The Netherlands). After
hexanucleotides had been annealed for 10 min at 22°C, cDNA
synthesis was performed for 90 min at 37°C, followed by an
enzyme inactivation step for 3 min at 95°C. Finally, cDNA was
rapidly chilled to 4°C and stored at –20°C until use.

RT-qPCR. A RT-qPCR protocol was developed for the
quantification of the human housekeeping gene β-actin and de-
saturase and elongase enzymes. Primers and probe for the de-
saturase and elongase assays were derived from Genbank se-
quence NM_013402 for ∆5 desaturase (FA desaturase 1),
NM_004265 for ∆6 desaturase (FA desaturase 2), NM_005063
for ∆9 desaturase (stearoyl-CoA desaturase), and NM_021814
for elongase (ELOVL5) using Primer Express 1.5 software
(Applied Biosystems). To prevent pseudogene amplification of
∆9 desaturase, a minor groove binder (MGB) probe was devel-
oped to anneal specifically to the cDNA strand of the functional
gene. Primer and probe sequences for β-actin were identical to
those described by Kreuzer et al. (19) and those for ∆6 desat-
urase similar as described by Leonard et al. (20). All probes
were dual-labeled with a fluorescent FAM (6-carboxyfluores-
cein) reporter dye at the 5′ end and a TAMRA (6-carboxyte-
tramethylrhodamine) quencher dye (or a nonfluorescent
quencher and MGB for ∆9 desaturase) at the 3′ end. Primer and
probe sequences are listed in Table 1.

Thirty-five nanograms of cDNA was amplified in a total re-
action volume of 25 µL containing 12.5 µL universal master
mix (Applied Biosystems), 7.5 pmol of each primer, and 5
pmol probe. PCR reactions were performed in an optical 96-
well reaction plate (Applied Biosystems) on an ABI PRISM
7000 Sequence Detection System (Applied Biosystems). PCR

cycling conditions were: 2 min at 50°C for optimal AmpErase
UNG enzyme activity and 10 min at 95°C to activate the poly-
merase enzyme, followed by 45 two-step cycles of 95°C for 15
s and 60°C for 60 s. Fluorescence intensity of all wells was
monitored every cycle. The number of PCR cycles to reach the
fluorescence (Rn) threshold value is the cycle threshold (Ct)
and is presented by the system. The Ct value for each sample is
proportional to the log of the initial amount of target cDNA
copies. Relative mRNA quantification was performed using the
comparative ∆∆Ct method (21). Moreover, to check PCR effi-
ciencies, on every plate calibration curves for all different as-
says were constructed using five different dilutions of a cDNA
standard (8.75 ng/µL) made from a human RNA pool.

FA composition of lipids. Analyses of FA compositions of
plasma PL at the end of the run-in and experimental periods
and of CE and TAG at the end of the experimental period was
performed as previously described by Sébédio et al. (22).
Briefly, plasma lipids were extracted using a mixture of chloro-
form and methanol (2:1, vol/vol) (23). Lipid classes were then
fractionated into PL, CE, and TAG using NH2 cartridges
(Phase Separation Products, Saint Quentin en Yvelines, France)
(24). After esterification and transmethylation of FA, the resul-
tant FAME were analyzed by GLC using an HP 5890 series II
gas chromatograph (Hewlett-Packard, Palo Alto, CA) equipped
with a CP-Sil 88 capillary column (100 m × 0.25 µm i.d., 0.2
µm film thickness; Chrompack, Middelburg, The Netherlands)
and an FID (25). The detection limit was 0.01% (w/w).

Statistics. Effects of the experimental products were exam-
ined by ANOVA using the general linear model (GLM) proce-
dure of the SPSS 11 package for Mac OS X. When the analyses
indicated a significant effect of diet (P < 0.05), the diets were
compared pair-wise. P-Values were corrected for three-group
comparisons by the Bonferroni correction. Confidence intervals
(CI, 95%) were calculated for the differences between the diets.
Values are presented as means ± SD. Pearson correlations were
determined by pairwise comparisons between parameters. A
probability level (P-value) of less than 0.05 was considered sta-
tistically significant.
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TABLE 1
Primer and Probe Sequences for Reverse Transcription Quantitative PCR

Target sequence Primer or probe Sequence (5′-3′) Amplicon length (bp)

β -Actin β-Actin forward agc ctc gcc ttt gcc ga 176
β-Actin reverse ccg ccg ccc gtc cac acc cgc c
β-Actin probe ctg gtg cct ggg gcg

∆ 5 Desaturase ∆ 5 Desaturase forward ggt gta caa cat cag cga gtt ca 148
∆5 Desaturase reverse aat cag gag aga gtt cat ata ctt ctt cac
∆5 Desaturase probe cag gat gcc acg gat ccc ttt gtg

∆ 6 Desaturase ∆ 6 Desaturase forward tgg caa tgg ctg gat tcc ta 65
∆6 Desaturase reverse cag ctt ggg cct gag agg t
∆6 Desaturase probe cct cat cac ggc ctt tgt cct tgc

∆9 Desaturase ∆9 Desaturase forward gcc ctg tat ggg atc act ttg a 108
∆ 9 Desaturase reverse acg atg agc tcc tgc tgt tat g
∆ 9 Desaturase probe cta cct gca agt tct aca

Elongase Elongase forward aac agg agt atg gga agg caa a 86
Elongase reverse gga cac gga taa tct tca tat ctg att
Elongase probe ctt ctg tca ggg cac acg cac cg



RESULTS

Twenty-two of the 25 subjects completed the study protocol.
Two men withdrew during the run-in period and one woman
from the t10,c12 group during the experimental period. More-
over, results of two women (one woman from the c9,t11 and
one woman from the t10,c12 group) were excluded from sta-
tistical analyses, because no chromatograms were available. In
addition, for one man from the c9,t11 group the isolated RNA
concentration was too low to measure mRNA levels reliably.

Incorporation of CLA isomers and their metabolites into
plasma lipid classes. Dietary adherence to the CLA supple-
ments was confirmed by the presence of the individual CLA
isomers in plasma PL, CE, and TAG (Tables 2 and 3). As
shown in Table 2, the c9,t11 CLA isomer was already present
in plasma PL during the run-in period, owing to its presence in
the habitual diets of the subjects. When consuming 3 g of the
individual CLA isomers, the proportion of c9,t11 CLA in PL
increased by 0.77%—from 0.11 to 0.88%—in the c9,t11 group,
whereas the proportion of t10,c12 CLA increased from 0.00 to
0.61% in the t10,c12 group. Metabolites of the CLA isomers,
the 18:3 and 20:3 conjugated isomers, were only detected in
TAG (Table 3). The proportion of the conjugated 18:3 isomer

(P < 0.001 for diet effects) was increased in the t10,c12-sup-
plemented group (P < 0.001) relative to both other groups,
whereas that of the conjugated 20:3 isomer (P = 0.011 for diet
effects) was higher in the c9,t11 group (P < 0.01), relative to
the placebo group and t10,c12 group. Moreover, proportions of
vaccenic acid (t11 18:1), a precursor for the synthesis of c9,t11
CLA, in TAG (P = 0.044 for diet effects) was significantly de-
creased in the c9,t11 group (P = 0.017) and tended to decrease
in the t10,c12 group (P = 0.061) relative to the placebo group.

Positive associations were observed between the propor-
tions of c9,t11 CLA in PL with those in CE and TAG (r =
0.944, P < 0.001 and r = 0.901, P < 0.001, respectively). Simi-
lar associations were found between the proportions of t10,c12
CLA in PL with those in CE and TAG (r = 0.987, P < 0.001
and r = 0.968, P < 0.001, respectively).

FA compositions of plasma lipid classes. At baseline, only
the proportion of Mead acid (20:3n-9) in PL was significantly
different between the three diet groups (P = 0.048 for differ-
ences between the three groups). Supplementation of CLA iso-
mers resulted in decreases in the proportions of oleic acid
(18:1n-9), 16:1n-9, 20:3n-9, and dihomo-γ-linolenic acid
(20:3n-6) in one or more plasma lipid classes (Tables 4 and 5).
Although these decreases were more pronounced in the t10,c12
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TABLE 2
Incorporation of CLA Isomers and Their Metabolites into Plasma Phospholipids at the End of the Run-in Period
and at the End of the Experimental Period

Run-in perioda,b Experimental perioda,b

FA Placebo c9,t11 t10,c12 Placebo c9,t11 t10,c12

% of total FA (w/w)
n = 6 n = 8 n = 6 n = 6 n = 8 n = 6

c9,t11 0.15 ± 0.06 0.11 ± 0.05 0.11 ± 0.04 0.16 ± 0.05a 0.88 ± 0.40b 0.22 ± 0.06a

t10,c12 NDa ND ND NDa 0.03 ± 0.05a 0.61± 0.27b

c,c CLA ND ND ND NDa 0.01 ± 0.00b NDa

t,t CLA ND ND ND NDa 0.02 ± 0.01b 0.02 ± 0.01b

t11 18:1 0.34 ± 0.11 0.34 ± 0.13 0.27 ± 0.10 0.31 ± 0.11 0.25 ± 0.07 0.23 ± 0.02
Conjugated 18:3 ND ND ND ND ND ND
Conjugated 20:3 ND ND ND ND ND ND
aValues are means ± SD. ND, not detectable (<0.01%). For statistical analysis, ND values were set at zero.
bValues in a row without a common roman superscript differ from each other (P < 0.017).

TABLE 3 
Incorporation of CLA Isomers and Their Metabolites into Plasma Cholesteryl Esters and TAG
at the End of the Experimental Period

Cholesteryl estersa,b TAGa,b

FA Placebo c9,t11 t10,c12 Placebo c9,t11 t10,c12

% of total FA (w/w)
n = 6 n = 7 n = 6 n = 6 n = 7 n = 6

c9,t11 0.12 ± 0.05a 0.61 ± 0.24b 0.16 ± 0.05a 0.34 ± 0.09a 1.16 ± 0.33b 0.42 ± 0.13a

t10,c12 NDa 0.04 ± 0.02a 0.42 ± 0.18b NDa 0.06 ± 0.02a 0.53 ± 0.27b

c,c CLA NDa 0.02 ± 0.01b NDa NDa 0.02 ± 0.02b 0.01 ± 0.01a

t,t CLA NDa 0.03 ± 0.01b 0.02 ± 0.01b NDa 0.04 ± 0.02b 0.03 ± 0.01b

t11 18:1 ND ND ND 1.55 ± 0.83a 0.81 ± 0.29b 0.97 ± 0.05a,b

Conjugated 18:3 NDa NDa 0.03 ± 0.01b NDa 0.05 ± 0.04a 0.20 ± 0.12b

Conjugated 20:3 ND ND ND NDa 0.03 ± 0.03b 0.00 ± 0.00a

aValues are means ± SD. ND, not detectable (<0.01%). For statistical analysis, ND were set at zero.
bFor each lipid class, values in a row without a common roman superscript differ from each other (P < 0.017).



group, differences between the two CLA groups never reached
statistical significance. The decreases were compensated for by
increases in linoleic acid (18:2n-6) and CLA. In CE (P = 0.029
for diet effects), the proportions of 18:2n-6 were higher in the
t10,c12 CLA group than in the c9,t11 CLA (P = 0.044) and the
placebo group (P = 0.011). Moreover, in TAG (P = 0.017 for
diet effects), proportions of 18:2n-6 were higher in both CLA

intervention groups (P = 0.038 for c9,t11 and P < 0.01 for
t10,c12) than in the placebo group.

Effects of individual CLA isomers on desaturation indices
and mRNA expressions. From the FA compositions of PL, CE,
and TAG, the ratio of 20:4n-6/20:3n-6 was calculated as an
index for ∆5 desaturation, the ratio of (18:3n-6 + 20:3n-
6)/18:2n-6 for ∆6 desaturation, and the ratios of 16:1n-7/16:0
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TABLE 4
FA Composition of Plasma Phospholipids at the End of the Run-in Period and at the End
of the Experimental Period

Run-in perioda,b Experimental perioda,b

FA Placebo c9,t11 t10,c12 Placebo c9,t11 t10,c12

% of total FA (w/w)
n = 6 n = 8 n = 6 n = 6 n = 8 n = 6

16:0 28.73 ± 1.24 28.53 ± 1.67 27.98 ± 0.95 28.51 ± 1.71 28.05 ± 1.68 28.32 ± 1.38
16:1n-9 0.24 ± 0.04 0.22 ± 0.04 0.20 ± 0.01 0.24 ± 0.03a 0.20 ± 0.03b 0.18 ± 0.03b

16:1n-7 0.64 ± 0.19 0.67 ± 0.27 0.54 ± 0.13 0.66 ± 0.19 0.58 ± 0.21 0.45 ± 0.05
18:0 15.42 ± 0.50 15.20 ± 1.11 14.62 ± 1.57 14.99 ± 0.74 15.11 ± 0.72 15.21 ± 0.84
18:1n-9 10.80 ± 1.13 11.24 ± 1.58 9.51 ± 1.22 10.75 ± 1.62 9.77 ± 0.69 9.01 ± 1.09
18:1n-7 1.53 ± 0.24 1.45 ± 0.17 1.38 ± 0.16 1.40 ± 0.17 1.44 ± 0.25 1.29 ± 0.16
18:2n-6 21.12 ± 2.25 22.12 ± 2.58 22.31 ± 1.61 20.97 ± 2.03 22.21 ± 2.49 23.50 ± 1.96
18:3n-6 0.09 ± 0.05 0.11 ± 0.05 0.09 ± 0.05 0.10 ± 0.03 0.08 ± 0.06 0.03 ± 0.04
18:3n-3 0.19 ± 0.04 0.21 ± 0.07 0.14 ± 0.03 0.22 ± 0.02 0.23 ± 0.07 0.22 ± 0.07
20:3n-9 0.25 ± 0.14a 0.14 ± 0.03b 0.14 ± 0.04b 0.22 ± 0.09a 0.12 ± 0.04b 0.10 ± 0.03b

20:3n-6 3.81 ± 0.85 3.10 ± 0.91 3.66 ± 0.71 3.93 ± 0.67a 2.91 ± 0.96b 2.65 ± 0.40b

20:4n-6 9.98 ± 1.35 9.61 ± 1.95 11.37 ± 0.51 10.35 ± 2.15 10.51 ± 1.54 10.50 ± 1.60
20:5n-3 0.89 ± 0.42 0.95 ± 0.38 0.99 ± 0.41 0.94 ± 0.34 0.96 ± 0.50 0.91 ± 0.46
22:4n-6 0.38 ± 0.05 0.33 ± 0.09 0.38 ± 0.12 0.41 ± 0.02 0.40 ± 0.07 0.42 ± 0.16
22:5n-6 0.18 ± 0.03 0.13 ± 0.04 0.16 ± 0.05 0.20 ± 0.03 0.16 ± 0.03 0.19 ± 0.08
22:5n-3 0.90 ± 0.16 0.82 ± 0.18 0.95 ± 0.09 0.96 ± 0.15 1.01 ± 0.17 1.01 ± 0.19
22:6n-3 2.40 ± 0.48 2.85 ± 0.59 3.42 ± 0.90 2.79 ± 0.93 3.34 ± 0.95 3.10 ± 0.90
aValues are means ± SD.
bValues in a row without a common roman superscript differ from each other (P < 0.017).

TABLE 5
FA Composition of Plasma Cholesteryl Esters and TAG at the End of the Experimental Period

Cholesteryl estersa,b TAGa,b

FA Placebo c9,t11 t10,c12 Placebo c9,t11 t10,c12

% of total FA (w/w)
n = 6 n = 7 n = 6 n = 6 n = 7 n = 6

16:0 10.82 ± 1.02 10.81 ± 0.98 9.89 ± 0.79 29.00 ± 4.14 28.52 ± 4.49 25.84 ± 2.54
16:1n-9 0.50 ± 0.12a 0.40 ± 0.11a,b 0.32 ± 0.04b 0.96 ± 0.14 0.81 ± 0.22 0.83 ± 0.09
16:1n-7 3.30 ± 1.20 2.74 ± 1.12 2.12 ± 0.34 4.26 ± 0.87 3.68 ± 1.20 3.28 ± 0.62
18:0 0.60 ± 0.36 0.78 ± 0.14 0.75 ± 0.16 4.12 ± 0.96 4.26 ± 0.99 3.72 ± 0.57
18:1n-9 20.07 ± 2.14a 18.21 ± 1.53a,b 16.98 ± 2.19b 36.76 ± 2.48 33.18 ± 4.27 34.51 ± 4.30
18:1n-7 1.10 ± 0.39 1.49 ± 0.43 1.11 ± 0.33 3.17 ± 0.79 2.74 ± 0.48 3.00 ± 0.27
18:2n-6 51.29 ± 4.83a 52.84 ± 2.96a 57.18 ± 2.62b 12.37 ± 4.39a 16.67 ± 3.52b 18.68 ± 1.85b

18:3n-6 1.23 ± 0.45 1.06 ± 0.40 0.83 ± 0.34 0.30 ± 0.15 0.32 ± 0.13 0.34 ± 0.24
18:3n-3 0.63 ± 0.07 0.64 ± 0.10 0.61 ± 0.15 0.98 ± 0.44 0.96 ± 0.25 1.30 ± 0.49
20:3n-9 0.07 ± 0.05 0.05 ± 0.01 0.03 ± 0.01 0.15 ± 0.07 0.13 ± 0.04 0.12 ± 0.07
20:3n-6 0.92 ± 0.15a 0.67 ± 0.21b 0.61 ± 0.09b 0.23 ± 0.04 0.25 ± 0.08 0.24 ± 0.07
20:4n-6 7.09 ± 2.19 7.30 ± 0.82 7.01 ± 1.10 1.04 ± 0.38 1.54 ± 0.56 1.37 ± 0.41
20:5n-3 0.98 ± 0.57 1.11 ± 0.58 0.81 ± 0.38 0.17 ± 0.07 0.27 ± 0.18 0.24 ± 0.11
22:4n-6 ND ND ND 0.13 ± 0.04 0.15 ± 0.03 0.18 ± 0.07
22:5n-6 ND ND ND 0.08 ± 0.02 0.07 ± 0.02 0.10 ± 0.05
22:5n-3 ND ND ND 0.29 ± 0.09 0.38 ± 0.21 0.43 ± 0.10
22:6n-3 0.45 ± 0.19 0.55 ± 0.21 0.51 ± 0.16 0.38 ± 0.16 0.67 ± 0.37 0.69 ± 0.28
aValues are means ± SD. ND, not detectable (<0.01%).
bFor each lipid class, values in a row without a common roman superscript differ from each other (P < 0.017).



and of 18:1n-9/18:0 for ∆9 desaturation (Fig. 1). With respect
to the ∆5 and ∆6 desaturation indices, comparable patterns
were seen in all three lipid classes. The ∆5 desaturation index
was slightly higher in both CLA groups than in the placebo
group, but differences between groups did not reach statistical
significance (P = 0.249 in PL, P = 0.148 in CE, P = 0.444 in
TAG for diet effects). The ∆6 desaturation index in PL was sig-
nificantly decreased in both CLA groups (P < 0.01 for diet ef-
fects). Compared with the placebo group, the decrease in the
c9,t11 group was 0.06 (P = 0.013, 95% confidence interval (CI)
for the difference: –0.102 to –0.014) and in the t10,c12 group
0.08 (P < 0.01, 95% CI for the difference: –0.125 to –0.031).
This change nearly reached statistical significance in CE (P =
0.054 for diet effects), but not in TAG (P = 0.328 for diet ef-
fects). Also for the ∆9 desaturation index, dietary effects were
observed. Compared with the placebo group, the 18:1n-9/18:0
ratio in PL (P = 0.032 for diet effects) was significantly de-
creased in the t10,c12 CLA-supplemented group (P = 0.010,
95% CI for the difference: –0.232 to –0.010) and tended to de-
crease in the c9,t11 group (P = 0.102, 95% CI for the differ-
ence: –0.172 to 0.036). In CE, effects on the same index nearly
reached statistical significance (P = 0.079 for diet effects), and
both CLA isomers tended to decrease the ∆9 desaturation index
relative to the placebo (P = 0.048 for c9,t11 CLA, 95% CI for
the difference: –68.85 to 7.65 and P = 0.050 for t10,c12 CLA,
95% CI for the difference: –71.17 to 8.22). In contrast, inter-
vention groups did not differ significantly in their effects on the
∆9 desaturation index when calculated as 16:1n-7/16:0 (P =
0.116 in PL, P = 0.223 in CE, P = 0.296 in TAG).

mRNA expression of ∆5, ∆6, and ∆9 desaturases and elon-
gase did not differ between the three intervention groups (Fig.
2). P-Values for diet effects were, respectively, 0.914 for ∆5
desaturase, 0.563 for ∆6 desaturase, 0.234 for ∆9 desaturase,
and 0.807 for elongase. The various desaturation indices in PL,
CE, and TAG were not correlated with their respective mRNA
levels.
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FIG. 1. Effects of placebo, c9,t11, and t10,c12 CLA on (A) ∆5 (20:4n-6/20:3n-6), (B) ∆6 [(18:3n-6 + 20:3n-6)/18:2n-6] and
(C,D) ∆9 (16:1n-7/16:0 and 18:1n-9/18:0) desaturation indices. Values are means ± SD. n = 6 in the placebo group, n = 7
in the c9,t11 group for cholesteryl ester (CE) and TAG, n = 8 for phospholipids (PL), and n = 6 in the t10,c12. *∆9 Desatura-
tion indices in PL are multiplied by 10, because indices are very low owing to the high abundance of saturated FA in PL.

FIG. 2. Effects of placebo, c9,t11, and t10,c12 CLA on ∆5, ∆6, and ∆9 de-
saturase and elongase expression ratios. Values (means ± SD) are obtained
using TaqMan procedures (comparative cycle threshold method) and are
normalized to the housekeeping gene β-actin and relative to the run-in pe-
riod. No statistically significant differences were observed between treat-
ments. All samples were analyzed in duplicate. n = 6 in the placebo group,
n = 7 in the c9,t11 group, and n = 6 in the t10,c12 group.

effects



DISCUSSION

In this study we evaluated the effects of c9,t11 CLA and
t10,c12 CLA, the two most common CLA isomers in the diet,
on the FA compositions of plasma PL, CE, and TAG. As these
effects may be mediated through effects of CLA on desaturase
activity, we also studied effects on mRNA expression of ∆5,
∆6, and ∆9 desaturases and elongase by PBMC. Our results
suggest that c9,t11 CLA and t10,c12 CLA affect the FA com-
position of plasma lipid classes differently but do not change
mRNA expression of desaturases or elongase in PBMC.

Both c9,t11 CLA and t10,c12 CLA were incorporated into
plasma PL, CE, and TAG. Based on the proportional increases
in PL, it can be estimated that each gram of c9,t11 CLA in the
diet increases its proportion in PL by 0.26%. For t10,c12 CLA,
this estimate is 0.20%. These values are in good agreement
with those of a recent study in which healthy men received each
CLA isomer in increasing doses from 0.00 to 0.6 to 1.2 to 2.4 g
per day (26). In that study, both isomers were incorporated in a
dose-dependent manner into plasma PC and CE, and into total
lipids of PBMC. In plasma PC, the proportions of c9,t11 CLA
increased from 0.21 to 0.32 to 0.52 to 0.79% in PC, or on aver-
age 0.25% per g of c9,t11 CLA. Similarly, for t10,c12 CLA it
can be calculated that for each gram increase in the diet, the in-
crease in PC was 0.17%. These estimates agree very well with
our values. Moreover, these findings are in accordance with
studies in rats and mice, in which incorporation of c9,t11 CLA
into lipid fractions was also slightly higher than that of t10,c12
CLA (27,28).

Because c9,t11 CLA—not the t10,c12 CLA isomer—was
already present in plasma PL after the run-in period, this CLA
isomer should have been provided by the habitual diet. By as-
suming a linear relationship between the intake of c9,t11 CLA
and its incorporation into plasma PL (26), it can be calculated
that the habitual diet of our subjects should have provided daily
about 430 mg of c9,t11 CLA. This is much higher than the
mean estimated intake of 200 mg in the Netherlands Cohort
Study (29). In other Western countries, comparable dietary
CLA intakes were observed (30). Foods that provide the c9,t11
CLA isomer are ruminant products such as meat, cheese, milk,
and yogurt, in which c9,t11 CLA accounts for 75–90% of total
CLA (1). Part of the discrepancy between our estimates and
these studies can be explained by the fact that methods to as-
sess dietary intakes underestimate real intakes (30). However,
the largest part may be explained by the conversion of vaccenic
acid (t11 18:1) into c9,t11 CLA in vivo, as observed in several
human studies (31,32). If one assumes a conversion rate of
19% of t11 18:1 into c9,t11 CLA (32), a habitual daily intake
of approximately 1200 mg of t11 18:1 is necessary to explain a
difference of 230 mg in c9,t11 CLA intake. In the Netherlands
Cohort Study, daily intake of t11 18:1 was 700–800 mg (29).
Thus, our data on c9,t11 CLA levels in plasma PL after the run-
in period can be explained by habitual intakes of this isomer
and by the conversion of t11 18:1 into c9,t11 CLA.

The FA composition of plasma TAG suggested that the
t10,c12 CLA isomer was mainly converted into the conjugated

18:3 metabolite, whereas supplementation with the c9,t11 CLA
isomer increased both 18:3 and 20:3 CLA metabolites, though
to a lesser extent. Similar results have been observed in rats
(28). This might suggest a blockade of the elongation step by
t10,c12 CLA, which we could not, however, demonstrate at the
mRNA expression level in PBMC. It is also possible that the
conjugated 18:3 metabolite of t10,c12 CLA has a lower affin-
ity for elongase than the conjugated 18:3 metabolite of c9,t11
CLA.

In contrast to several other studies (10,11), CLA supplemen-
tation significantly changed the FA compositions of plasma PL,
TAG, and CE. In general, proportions of 18:1n-9, 16:1n-9,
20:3n-9, and 20:3n-6 acids decreased at the expense of CLA
and 18:2n-6. These effects were more pronounced in the
t10,c12 CLA group than in the c9,t11 CLA-supplemented
group, although differences between the two CLA groups did
not reach statistical significance. Smedman and Vessby (12)
found comparable effects on the FA composition of serum PL
in humans consuming 4.2 g of CLA isomers (c9,t11/t10,c12 as
50:50) per day for 12 wk. In addition, in that study proportions
of stearic (18:0), γ-linoleic (18:3n-6), docosatetraenoic (22:4n-
6), and docosapentaenoic (22:5n-3) acids increased and that of
palmitic acid (16:0) decreased. It is possible that the interven-
tion periods of 4 wk (11) or 45 d (10) were too short to change
the composition of plasma lipids. Surprisingly, in our study
proportions of linoleic acid increased. Thus, linoleic acid was
not displaced by CLA in plasma lipids as suggested earlier
(12). Because linoleic acid is an EFA and is not produced en-
dogenously, this effect might suggest a decrease in ∆6 desatu-
ration. However, unlike some other studies (5,9,11), we did not
find decreased proportions of longer-chain metabolites of
linoleic acid including arachidonic acid, which is an important
precursor for eicosanoids.

With respect to the ∆9 desaturation index, our data confirmed
those of Smedman and Vessby (12). In their study, a daily sup-
plement of 4.2 g of a mixture of CLA isomers resulted in a de-
creased ∆9 desaturation index (12). Although the ∆9 desatura-
tion index in that study was only calculated from the conversion
of 18:0 into 18:1n-9, we calculated it also from the conversion
of 16:0 into 16:1n-7. However, only the 18:1n-9/18:0 ratio was
significantly reduced in PL by the t10,c12 CLA isomer. This may
indicate that the preferred substrate of ∆9 desaturase is 18:0
rather than 16:0, as also is suggested by stable-isotope studies in
humans (33,34). In addition, 16:0 is preferentially elongated in-
stead of ∆9- desaturated (34). Also in cell culture (8,9) and ani-
mal studies (5–7), the t10,c12 CLA isomer inhibited ∆9 desat-
urase activity. In contrast, the c9,t11 CLA isomer did not affect
∆9 desaturase activity in all these studies, except for one. In a
human hepatoma-derived cell line (HepG2 cells), the c9,t11
CLA isomer slightly decreased ∆9 desaturase activity when
added at nonphysiological concentrations (9).

As for a mixture of CLA isomers (12), the ∆6 desaturation
index was decreased by c9,t11 as well as by t10,c12 CLA. In
contrast, in HepG2 cells t10,c12 CLA, but not c9,t11 CLA,
suppressed ∆6 desaturation (9). Furthermore, in hepatic rat mi-
crosomes c9,t11 CLA decreased the ∆6 desaturation of linoleic
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acid, but not that of α-linolenic acid. In that study, t10,c12 CLA
decreased the ∆6 desaturation of linoleic acid only at the high-
est concentration (5). Taken together, whereas in vitro effects
of the individual CLA isomers on ∆6 desaturation are rather in-
consistent, in vivo both CLA isomers seem to decrease ∆6 de-
saturation activity in humans. Unlike Smedman and Vessby
(12), who reported an increase in the ∆5 desaturation index, we
found no effect on this index. In contrast, in HepG2 cells,
t10,c12 CLA even suppressed ∆5 desaturation (9). Therefore,
effects of the individual CLA isomers on ∆5 desaturase activi-
ties are until now rather inconsistent and clearly deserve fur-
ther exploration.

No effects of the t10,c12 and c9,t11 CLA isomers on mRNA
expression in PBMC were evident. Only a few studies have
evaluated the effects of CLA on mRNA expression of desat-
urases before (7,8). In mice that were fed a mixture of CLA iso-
mers, other isomers than c9,t11 CLA were held responsible for
the inhibitory effect on stearoyl-CoA desaturase gene 1 mRNA
expression (7). However, in cell culture studies, Choi et al. (8)
found that the t10,c12 and c9,t11 CLA isomers did not influ-
ence mRNA expression in human-derived HepG2 cells. In that
study, t10,c12 CLA decreased ∆9 desaturase activity but did
not change desaturase protein levels. Hence, t10,c12 CLA
might regulate the activity of ∆9 desaturase without any effect
at the transcriptional level.

To quantify mRNA expression ratios of the ∆5, ∆6, and ∆9
desaturases and elongase we developed RT-qPCR assays. With
this method, the PCR product is already accurately detected dur-
ing the PCR amplification, which is less time-consuming and la-
borious than conventional PCR techniques because no post-PCR
handling is required. Although assays for ∆5, ∆6 desaturase, and
elongase were easily developed, for ∆9 desaturase or stearoyl-
CoA desaturase a pseudogene has been reported (16), which
called for additional precautions. Instead of the more regular
dual-labeled probes, we therefore used an MGB probe, which is
more specific to the target sequence and does not anneal to the
pseudogene sequence. These assays can easily be used in large-
scale human studies. Tissue accessibility, however, remains a
problem. We chose to analyze desaturase expression in PBMC,
as liver tissue is for obvious reasons difficult to obtain. Although
for some genes a correlation between liver and PBMC mRNA
levels has been demonstrated (35), it is still unknown whether
mRNA expression ratios of ∆5, ∆6, and ∆9 desaturases and elon-
gase in PBMC are representative for those in the liver. This may
also explain the lack of effects of the two CLA isomers on
mRNA expression. Future studies should therefore concentrate
to validate molecular signatures (e.g., mRNA, protein, and meta-
bolic profiles) in PBMC as a marker for other, less accessible tis-
sues and organs.

In conclusion, incorporation of the individual CLA isomers,
c9,t11 and t10,c12, into plasma lipids (PL, CE, and TAG) reflects
dietary intakes. Compared with oleic acid, ∆9 and ∆6 desatura-
tion indices in plasma PL are decreased after consumption of
c9,t11 or t10,c12 CLA. Effects on desaturation indices, however,
were not reflected by changes at the transcriptional level for the
various desaturases and elongase enzymes in PBMC.
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ABSTRACT: During the course of our recent study on the anti-
tumor effect of conjugated eicosapentaenoic acids (CEPA), we
found that acid mixtures prepared by treating EPA with KOH in
ethylene glycol induced potent apoptotic cell death in human
tumor cells via membrane phospholipid peroxidation. Interest-
ingly, the KOH-treated CEPA mixtures were more cytotoxic than
EPA and CLA and had no effect on normal human fibroblast cells.
To identify the specific cytotoxic FA in the CEPA mixture, we syn-
thesized possible candidates for the active species. Here, we re-
port the synthesis of (5E,7E,9E,14Z,17Z)-5,7,9,14,17-eicosapen-
taenoic acid (E-CEPA) and its 5-(Z) isomer (Z-CEPA), both of
which are conjugated trienes that exist naturally in red algae
(Ptilota filicina J. Agardh). E-CEPA and Z-CEPA were synthesized
from methyl 5-oxopentanoate in six steps, using three types of
Wittig reactions as the key steps. Next, we examined the cytotox-
icity of E-CEPA and Z-CEPA in human tumor cells and confirmed
their bioactivity. Both E-CEPA and Z-CEPA had a strong cytotoxic
reaction in tumor cells, and this effect occurred through induc-
tion of apoptosis.

Paper no. L9599 in Lipids 40, 147–154 (February 2005).

Conjugated FA is a generic term for FA with conjugated double
bond systems, as exemplified by CLA (1). Several CLA isomers
exist as a result of positional and geometrical isomerism of the
conjugated double bonds, and the major naturally occurring CLA
isomer is referred to as 9Z,11E-18:2 (Scheme 1). CLA was first
reported to have an anticarcinogenic effect, and subsequently vari-
ous other physiological effects have been shown, including an an-
tiarteriosclerotic effect and a role in regulation of lipid metabolism
(1–5). These activities of CLA are associated with its conjugated
double bond system. CLA is found naturally, especially ruminant
fats such as beef tallow and milk fat (1). However, the CLA level
in these foodstuffs is around 1% (w/w), and hence natural fats can-

not be used as health-promoting CLA-containing supplements.
Therefore, at present, oils that include CLA are prepared from al-
kali isomerization of vegetable oils such as safflower oil, and these
products are marketed as health supplements. 

Conjugated FA other than CLA exist in nature. Seed oils of
certain plants include conjugated triene FA, such as α-eleostearic
acid (9Z,11E,13E-18:3) and calendic acid (8E,10E,12Z-18:3), at
levels of 30 to 80% (w/w) (6,7), and seaweeds such as red and
green algae contain conjugated EPA (CEPA; 5E,7E,9E,14Z,17Z-
20:5 and 5Z,7E,9E,14Z,17Z-20:5) (Scheme 1) (8). We are particu-
larly interested in seeds and algae that contain conjugated FA, and
we have studied the properties of these materials extensively
(9–16). During the course of our recent study on the antitumor ef-
fect of CEPA in vivo and in vitro, we found that acid mixtures pre-
pared by treating all-(Z)-5,8,11,14,17-eicosapentaenoic acid (EPA,
Scheme 1) with KOH in ethylene glycol under a number of differ-
ent reaction conditions induced potent apoptotic cell death in sev-
eral kinds of tumor cells, through membrane phospholipid peroxi-
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dation (9,12). Interestingly, the KOH-treated mixtures were more
cytotoxic than the EPA mixture itself but had no effect on normal
human fibroblast cell lines. UV spectroscopic analysis of the
KOH-treated mixtures showed that they contained various conju-
gated diene, triene, tetraene, and pentaene FA, which were present
at various ratios, depending on the reaction conditions used.
Among these mixtures, the one containing a higher amount of con-
jugated triene FA (UV λmax: 268 nm) exhibited the highest cyto-
toxicity, suggesting that the most important component for cyto-
toxicity may be an EPA containing a conjugated triene structure. 

To identify the specific cytotoxic FA, we have synthesized
possible candidates for the active species. Here, we report the syn-
thesis of (5E,7E,9E,14Z,17Z)-5,7,9,14,17-eicosapentaenoic acid
(E-CEPA, Scheme 1) and its 5-(Z) isomer (Z-CEPA, Scheme. 1),
which both exist naturally in the red alga (Ptilota filicina J.
Agardh). We then examined the cytotoxicity of these molecules in
human tumor cells and confirmed that both isomers have strong
bioactivity.

EXPERIMENTAL PROCEDURES

Synthesis of E-CEPA and Z-CEPA (Fig. 1). Methyl 5-oxopen-
tanoate (3) was prepared in two steps from δ-valerolactone, ac-
cording to the literature method (17). Methyl (5Z,8Z)-5,8-undeca-
dienoate (4a) was prepared by a one-pot double-Wittig protocol
developed by Pohnert and Boland (18). KN[Si(CH3)2]2, abbrevi-

ated as KHMDS (0.5 M in toluene, 50 mL, 25 mmol), was added
dropwise to a stirred suspension of 1,3-propanediylbis(triph-
enylphosphonium) dibromide (9.00 g, 12.3 mmol) in THF (120
mL) at –78°C under a nitrogen atmosphere. The mixture was al-
lowed to warm to room temperature gradually over 2 h and stirred
for an additional 30 min. Hexamethyl phosphoramide (6 mL) was
added to the mixture, and the resulting homogeneous orange solu-
tion was recooled to –78°C. Propanal (1.00 mL, 14.0 mmol) was
added dropwise to the solution, and the mixture was allowed to
warm to 0°C over 2 h, stirred for an additional 30 min, and then
recooled to –78°C. A solution of 3 (1.00 g, 7.70 mmol) in THF (15
mL) was added dropwise to the reaction mixture, and the mixture
was allowed to warm gradually to room temperature. After being
quenched with a saturated aqueous NH4Cl solution, the mixture
was extracted with ether. The extract was washed with brine, dried
(using MgSO4), and concentrated in vacuo. The residue was chro-
matographed over SiO2 (150 g, elution with a 90:1 hexane/ethyl
acetate mixture) to give 4a.

Reduction of 4a with diisobutylaluminum hydride (DIBAL)
gave (5Z,8Z)-5,8-undecadienal (4b), which was then subjected to
a four-carbon elongation reaction using methyl (E)-4-(di-
ethoxyphosphoryl)but-2-enoate (19). DIBAL (0.95 M in hexane,
13.6 mL, 12.9 mmol) was added dropwise to a stirred solution of
4a (2.40 g, 12.3 mmol) in CH2Cl2 (70 mL) at –78°C. After 30 min,
the reaction mixture was quenched with a saturated aqueous
NH4Cl solution, and allowed to warm gradually to room tempera-
ture. Celite® was added to the mixture, and the resulting slurry was
filtered through a Celite pad. The filtrate was dried (using MgSO4)
and concentrated in vacuo. The residue was chromatographed over
SiO2 (45 g, elution with a 100:1 hexane/ethyl acetate mixture) to
give 4b.

A mixture of 4b (1.00 g, 6.00 mmol), methyl (E)-4-(di-
ethoxyphosphoryl)but-2-enoate (6.70 mmol, 1.60 g). and
LiOH·H2O (275 mg, 6.70 mmol) in THF (50 mL) containing pul-
verized 4 Å molecular sieves (6.5 g) was stirred at reflux tempera-
ture for 14 h. The reaction mixture was filtered through a Celite
pad, and the filtrate was concentrated in vacuo. The residue was
chromatographed over SiO2 (75 g, elution with a 40:1
hexane/ethyl acetate mixture) to give methyl (2E,4E,9Z,12Z)-
2,4,9,12-pentadecatetraenoate (5a). DIBAL (0.95 M in hexane,
1.1 mL, 1.05 mmol) was added dropwise to a stirred solution of
5a (120 mg, 0.5 mmol) in CH2Cl2 (8 mL) at –78°C. After 30 min,
the mixture was worked up in a similar manner to that described
for the preparation of 4b to give (2E,4E,9Z,12Z)-2,4,9,12-pentade-
catetraenol (5b) after SiO2 chromatographic purification (5 g, elu-
tion with a 5:1 hexane/ethyl acetate mixture).

A mixture of 5b (584 mg, 2.65 mmol) and MnO2 (chemically
treated, 8 g; Wako Pure Chemical Industries, Ltd., Tokyo, Japan)
in CH2Cl2 (250 mL) was sonicated with a sonic cleaner (Honda
Ultrasonic Cleaner W221) for 4 h at room temperature. The mix-
ture was filtered through a pad of Celite, and the filtrate was con-
centrated in vacuo to give (2E,4E,9Z,12Z)-2,4,9,12-pentadecate-
traenal (5c). Butyllithium (1.58 M in hexane, 0.30 mL, 0.47 mmol)
was added dropwise to a stirred solution of 1,1,1,3,3,3-hexam-
ethyldisilazane (80 mg, 0.50 mmol) in THF (2 mL) at 0°C, and the
mixture was stirred for 20 min. The resulting solution was added
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FIG. 1. Synthetic scheme for Z-CEPA and E-CEPA. Reagents, (a)
CH2(CH2PPh3)2·2Br, KHMDS, THF, propanal, then 3 (32%); (b) DIBAL,
CH2Cl2 (64%); (c) (EtO)2P(O)CH2CH=CHCO2CH3, LiOH, THF (46%); (d)
DIBAL, CH2Cl2, (80%); (e) MnO2, CH2Cl2 (79%); (f) Ph3P(CH2)4CO2H·Br,
LiHMDS, THF; then CH2N2, ether (1b, 44%; 2b, 28%). Z-CEPA, conjugated
EPA [5Z,7E,9E,14Z,17Z)-5,7,9,14,17-20:5]; E-CEPA, conjugated EPA
[(5E,7E,9E,14Z,17Z)-5,7,9,14,17-20:5]; HMDS, hexamethyl phospho-
ramide; DIBAL, diisobutylaluminum hydride; KHMDS, KN[Si(CH3)3]2.



dropwise to a suspension of (4-carboxybutyl)triphenylphospho-
nium bromide (100 mg, 0.225 mmol) in THF (1 mL) at room tem-
perature, and the mixture was stirred for 30 min, giving an orange
solution. A solution of 5c (50 mg, 0.2 mmol) in THF (0.5 mL) was
added to the orange solution at room temperature. After being
stirred for 30 min, the mixture was quenched with a saturated
aqueous oxalic acid solution (1 mL) and extracted with ether. The
extract, which contained (5E,7E,9E,14Z,17Z)-5,7,9,14,17-eicos-
apentaenoic acid (1a) and (5Z,7E,9E,14Z,17Z)-5,7,9,14,17-eicos-
apentaenoic acid (2a), was treated with an ethereal diazomethane
(prepared from N-nitroso-N-methylurea) to give a mixture of
methyl (5E,7E,9E,14Z,17Z)-5,7,9,14,17-eicosapentaenoate (1b)
and methyl (5Z,7E,9E,14Z,17Z)-5,7,9,14,17-eicosapentaenoate
(2b) after concentration in vacuo.

The mixture was repeatedly chromatographed over SiO2 (25
g silica gel 60, 230–400 mesh; Merck, Darmstadt, Germany; elu-
tion with a 50:1 hexane/ether mixture) to give 1b and 2b. Two con-
jugated EPA methyl esters (1b and 2b) were isolated using HPLC,
based on the method we used before (16). Two CEPA methyl es-
ters were dissolved in hexane, and this solution was fractionated
by normal-phase HPLC using an 880-PU pump (Jasco, Inc.,
Tokyo, Japan) with an SPD-M10AVP detector (Shimadzu, Kyoto,
Japan). A ChromSpher Lipids column impregnated with silver (5
µm particle size, 4.6 × 250 mm; Chrompack, Bridgewater, NJ) was
used. A hexane/acetonitrile (100:0.15, vol/vol) mobile phase was
used, and the flow rate was 1.0 mL/min. Detection was at 270 nm
(FAME with a conjugated triene). A substance showing a large
peak at 270 nm was repeatedly fractionated, and the two fractions
collected (1b and 2b) were purified. The collected fractions were
dried completely under nitrogen gas. 

IR spectra were measured as films, using a JASCO IR Report-
100 spectrometer. 1H NMR spectra were recorded in CDCl3
(Wako Pure Chemicals Industries, Ltd., Osaka, Japan) with  tetra-
methylsilane as an internal standard, using a Varian Gemini 2000
spectrometer (300 MHz) or a Varian UNITYplus-500 spectro-
meter (500 MHz). Mass spectra were obtained with a JEOL JMS-
700 spectrometer operating in EI mode. Merck silica gel 60
(70–230 mesh) was used for silica gel column chromatography,
unless otherwise stated. UV/vis spectrophotometric analysis of the
conjugated EPA methyl esters was performed with a Shimadzu
UV-2400P instrument. Geometric isomerism of the conjugated
double bonds was distinguished easily using 13C NMR under 13C
NMR conditions similar to those we have previously reported
(16). Conjugated EPA methyl esters were dissolved in CDCl3 at a
concentration of 1 mg/mL. The 13C NMR spectra were recorded
on a Varian Unity 600 spectrometer (Varian, Inc., Palo Alto, CA)
operating at 150 MHz.  

Materials for cell culture. RPMI 1640 medium (containing
0.3 mg/mL L-glutamine and 2.0 mg/mL sodium bicarbonate) and
all-(Z)-5,8,11,14,17- EPA were obtained from Sigma (St. Louis,
MO). FBS was purchased from Dainippon Pharmaceutical (Osaka,
Japan). Penicillin and streptomycin were products of Gibco BRL
(Rockville, MD). 9Z,11E-CLA (99% purity) and 10E,12Z-CLA
(99% purity) were obtained from Cayman Chemical Co. (Ann
Arbor, MI).

Preparation of conjugated EPA (Mix-CEPA). In our previous
study, CEPA (a FA with a conjugated trienoic structure) had the

strongest cytotoxic effect compared with CLA, conjugated lino-
lenic acid, and conjugated DHA (9,12). In the current study, CEPA
was prepared from EPA by alkaline isomerization, using the pre-
viously reported method (9,12,20), and the initial product is hence-
forth referred to as mix-CEPA. The CEPA concentrate was stored
at –20°C after being purged with nitrogen gas. UV/vis spectropho-
tometric analysis of the conjugated FA was performed with a Shi-
madzu UV-2400PC, and confirmed the presence of conjugated FA
containing dienes (absorption maximum at 235 nm), trienes (268
nm), tetraenes (315 nm), pentaenes (345 nm), and hexaenes (375
nm) (21). The CEPA oil (Mix-CEPA) used in the subsequent ex-
periments consisted of 57.6% conjugated dienes, 34.5% conju-
gated trienes, 6.7% conjugated tetraenes, and 1.2% conjugated
pentaenes.  

Cells and cell cultures. DLD-1 (colorectal adenocarcinoma),
HepG2 (hepatoma), A549 (lung adenocarcinoma), and HL-60
(acute promyelocytic leukemia) human tumor cells were obtained
from the Cell Resource Center for Biochemical Research at To-
hoku University (Sendai, Japan). All tumor cells were cultured in
RPMI 1640 medium (containing 0.3 mg/mL L-glutamine and 2.0
mg/mL sodium bicarbonate) supplemented with 10% FBS, 100
units/mL penicillin, and 100 mg/mL streptomycin. Cells were
maintained at 37°C in a humidified atmosphere of 95% air and 5%
CO2.

Cell viability test using CLA and CEPA. Cell viability was as-
sessed by the WST-1 method (13,22). The cells (DLD-1, HepG2,
A549, and HL-60) were seeded onto 96-well culture plates at a
density of 1 × 105 cells/well in 100 µL RPMI-1640 containing
10% FBS. Stock solutions of 9Z,11E-CLA, 10E,12Z-CLA, Mix-
CEPA, E-CEPA (1a) and Z-EPA (2a) were prepared in ethanol at
concentrations of 100 mM. For these experiments, the FA were
prepared from the stock solution and diluted to final concentra-
tions of 0–20 µM in FBS-free RPMI-1640. The final concentra-
tion of ethanol never exceeded 0.1% (vol/vol). After incubation
for 24 h at 37°C, the cells were placed in 100 µL of fresh FBS-free
RPMI-1640 medium with various concentrations of the FA. After
24, 10 µL of WST-1 solution was added to each well to evaluate
cell viability. After incubation for 3 h at 37°C, cell viability was
measured using a microplate reader (Model 550; Bio-Rad, Tokyo,
Japan) at a wavelength of 450 nm and a reference wavelength of
655 nm.

Fluorescence dye staining analysis in DLD-1 cells (apoptosis
assay) (9). DLD-1 cells were seeded on coverslips treated with
ethanol (control), 2.5 mM E-CEPA, or 2.5 mM Z-CEPA for 24 h.
After incubation, cells were washed in PBS and fixed in 4%
formaldehyde. The fixed cells were stained for nuclei with
Hoechst 33342 (1 µg/mL in PBS) for 10 min, washed in PBS, and
mounted using 50% glycerol. The stained cells were observed by
IX-FLA fluorescence microscopy (Olympus, Tokyo, Japan).
Apoptotic cells were identified based on brightness due to con-
densed chromatin.

DNA fragmentation ladder assay in DLD-1 cells (apoptosis
assay) (12,13). DLD-1 cells (1 × 105/mL) were seeded onto 10-
cm dishes treated with ethanol (control), 2.5 µM E-CEPA, or 2.5
µM Z-CEPA for 24 h, and then transferred into a glass tube. Cells
were suspended in lysis buffer (5 mM Tris, 20 mM EDTA, 0.5%
Triton X-100, pH 8.0) and incubated for 30 min at 4°C. After
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incubation, the tube was spun at 17,400 × g for 20 min to separate
the intact chromatin from the DNA fragments. Following centrifu-
gation, 2 µL of RNase A (1 mg/mL; Sigma) was added to the su-
pernatant, and the mixture was incubated at 37°C for 1 h. Pro-
teinase K (2 µL; 1 mg/mL; Sigma) was then added, and incuba-
tion was continued for an additional 1 h. DNA was precipitated
with a mixture of 20 µL of 5 M NaCl and 120 µL of 2-propanol
overnight at –20°C. Following centrifugation, pellets were air-
dried and dissolved in 20 µL of TE buffer (10 mM Tris and 1 mM
EDTA, pH 7.4). Extracted DNA was separated by electrophoresis
in a 2.0% agarose gel at 100 V in a pH 8.4 buffer containing 90
mM Tris, 90 mM boric acid, and 2 mM EDTA. Each gel was
stained with ethidium bromide and photographed under UV light.

Statistics. Statistical analysis was performed using a one-way
ANOVA, followed by a Newman–Keuls test for multiple compar-
isons among several groups. A difference was considered to be
significant at P < 0.05.

RESULTS

Synthesis of Z-CEPA and E-CEPA (Fig. 1). The synthesis began
with preparation of homoconjugated diene 4a by the one-pot dou-
ble-Wittig protocol developed by Pohnert and Boland (18). Ac-
cording to the reported procedure, the bis-ylide obtained by treat-
ing 1,3-propanediylbis(triphenylphosphonium) dibromide with 2
equiv of KHMDS was allowed to react sequentially with propanal
and methyl 5-oxopentanoate (3) to give 487 mg (32 %) of 4a. IR
νmax cm–1: 3000 (m), 1740 (s); 1H NMR (300 MHz, CDCl3) δ:
0.97 (3H, t, J = 7.6 Hz, 11-H3), 1.71 (2H, qui, J = 7.3 Hz, 3-H2),
2.01–2.15 (4H, m, 4-H2, 10-H2), 2.33 (2H, t, J = 7.3 Hz, 2-H2),
2.77 (2H, t, J = 6.5 Hz, 7-H2), 3.67 (3H, s, OCH3), 5.22–5.46 (4H,
m, 5-H, 6-H, 8-H, 9-H); HR-EIMS m/z (M+): calcd. for C12H20O,
196.1464; found, 196.1463. 

Reduction of 4a with DIBAL gave 1.30 g (64%) of 4b, IR
νmax cm–1: 3000 (m), 2710 (s), 1720 (s); 1H NMR (300 MHz,
CDCl3) δ: 0.97 (3H, t, J = 7.4 Hz, 11-H3), 1.71 (2H, qui, J = 7.3
Hz, 3-H2), 2.01–2.16 (4H, m, 4-H2, 10-H2), 2.45 (2H, td, J = 7.3,
1.7 Hz, 2-H2 ), 2.77 (2H, t, J = 6.7 Hz, 7-H2), 5.23–5.47 (4H, m,
5-H, 6-H, 8-H, 9-H), 9.78 (1H, t, J = 1.7 Hz, 1-H). HR-EIMS m/z
(M+): calcd. for C11H180, 166.1357; found, 166.1359. Compound
4b was then subjected to a four-carbon elongation reaction using
methyl (E)-4-(diethoxyphosphoryl)but-2-enoate. Reduction of 4b
gave 684 mg (46%) of 5a, IR νmax cm–1: 3000 (m), 1720 (vs), 1640
(s); 1H NMR (300 MHz, CDCl3) δ: 0.97 (3H, t, J = 7.6 Hz, 15-
H3), 1.51 (2H, qui, J = 7.4 Hz, 7-H2), 2.01–2.13 (4H, m, 8-H2, 14-
H2), 2.19 (2H, q, J = 7.4 Hz, 6-H2), 2.77 (2H, t, J = 6.5 Hz, 11-H2),
3.74 (3H, s, OCH3), 5.24–5.44 (4H, m, 9-H, 10-H, 12-H, 13-H),
5.79 (1H, d, J = 15.7 Hz, 2-H), 6.07–6.24 (2H, m, 4-H, 5-H), 7.27
(1H, dd, J = 15.4, 10.2 Hz, 3-H). HR-EIMS m/z (M+): calcd. for
C16H2402, 248.1776; found, 248.1778. 

The resulting tetraene-ester (5a) was converted in a conven-
tional manner into aldehyde 5c via alcohol 5b. Reduction of 5a
gave 85 mg (80%) of 5b, IR νmax cm–1: 3350 (m), 3000 (m), 980
(s); 1H NMR (300 MHz, CDCl3) δ: 0.97 (3H, t, J = 7.6 Hz, 15-
H3), 1.28 (1H, br, OH), 1.46 (2H, qui, J = 7.4 Hz, 7-H2), 2.02–2.14
(6H, m, 6-H2, 8-H2, 14-H2), 2.77 (2H, t, J = 5.9 Hz, 11-H2), 4.17

(2H, d, J = 5.5 Hz, 1-H2), 5.26–5.44 (4H, m, 9-H, 10-H, 12-H, 13-
H), 5.66–5.78 (2H, m, 2-H, 5-H), 6.06 (1H, dd, J = 15.1, 10.4 Hz,
4-H), 6.23 (1H, dd, J = 15.1, 10.4 Hz, 3-H). HR-EIMS m/z (M+):
calcd. for C15H240, 220.1827; found, 220.1827. 

Oxidation of 5b gave 456 mg (79%) of 5c, IR νmax cm–1:
2720 (w), 1680 (s), 1635 (s), 980 (m); 1H NMR (300 MHz, CDCl3)
δ: 0.97 (3H, t, J = 7.6 Hz, 15-H3), 1.54 (2H, qui, J = 7.0 Hz, 7-H2),
2.04–2.14 (4H, m, 8-H2, 14-H2), 2.24 (2H, q, J = 7.0 Hz, 6-H2),
2.77 (2H, t, J = 6.6 Hz, 11-H2), 5.29 (1H, dt, J = 10.3, 7.0 Hz, 9-
H), 5.34–5.43 (3H, m,10-H, 12-H, 13-H), 6.08 (1H, dd, J = 15.3,
8.0 Hz, 2-H), 6.28 (1H, dt, J = 15.3, 7.0 Hz, 5-H), 6.33 (1H, dd, J
= 15.3, 10.4 Hz, 4-H), 7.09 (1H, dd, J = 15.3, 10.4 Hz, 3-H), 9.54
(1H, d, J = 8.0 Hz, 1-H). HR-EIMS m/z (M+): calcd. for C15H220,
218.1671; found, 218.1676. 

Finally, an (E)-selective Wittig olefination of 5c with (4-car-
boxybutyl)triphenylphosphonium bromide gave a mixture of 1a
and 2a (23). Since the spectroscopic characterization of the acids
had been conducted in their methyl ester forms, the acid mixture
was immediately treated with diazomethane to furnish 28 mg
(44%) of 1b and 14 mg (22%) of 2b after chromatographic purifi-
cation (Figs. 2A, 2B). 1b: IR νmax cm–1: 3000 (s), 1740 (s), 1650
(w), 1640 (w), 1240 (m), 1200 (m), 1165 (m), 995 (s); 1H NMR
(CDCl3) δ: 0.97 (3H, t, J = 7.6 Hz, 20-H3), 1.46 (2H, qui, J = 7.6
Hz, 12-H2), 1.73 (2H, qui, J = 7.3 Hz, 3-H2), 2.02–2.15 (8H, m, 4-
H2, 11-H2, 13-H2, 19-H2), 2.31 (2H, t, J = 7.3 Hz, 2-H2), 2.77 (2H,
br t, J = 5.9, 16-H2), 3.66 (3H, s, OCH3), 5.24–5.42 (4H, m, 14-H,
15-H, 17-H, 18-H), 5.61(1H, dt, J = 14.2, 7.2 Hz, 5-H), 5.67 (1H,
dt, J = 14.5, 7.3 Hz, 10-H), 6.01–6.11 (4H, m, 6-H, 7-H, 8-H, 9-
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FIG. 2. HPLC chromatograms and UV absorption spectra of two syn-
thetic conjugated EPA (CEPA) methyl esters. Two synthetic CEPA were
separated with HPLC. The flow-rate was 1 mL/min with a hexane/ace-
tonitrile (100:0.15) mobile phase, and detection at 270 nm (FAME with
a conjugated triene). (A) HPLC chromatogram of E-CEPA methyl ester
(retention time 36–37 min); (B) HPLC chromatograms of Z-CEPA methyl
ester (retention time 39–41 min); (C) UV absorption spectrum of E-CEPA
methyl ester (λmax = 258, 268, 279); (D) UV absorption spectrum of Z-
CEPA methyl ester (λmax = 256, 266, 275). For abbreviations see Figure 1.



H); high resolution (HR)-FABMS m/z ([M + 1]+): calcd. for
C21H33O2, 317.2480; found, 317.2480; UV (MeOH) λmax = 258,
268, 279 (Fig. 2C); 13C NMR (CDCl3) δ: 174.01 (C-1), 33.36 (C-
2), 24.52 (C-3), 32.08 (C-4), 132.62 (C-5), 131.32 (C-6), 130.64
(C-7), 131.45 (C-8), 130.57 (C-9), 134.34 (C-10), 32.35 (C-11),
29.23 (C-12), 26.68 (C-13), 129.61 (C-14), 128.49 (C-15), 25.55
(C-16), 127.31 (C-17), 131.85 (C-18), 20.55 (C-19), 14.31 (C-20),
51.49 (COOCH3). 2b: IR νmax cm–1: 3000 (s), 1740 (s), 1650 (w),
1640 (w), 1240 (m), 1205 (m), 1170 (m), 995 (m), 965 (w); 1H
NMR (CDCl3) δ: 0.97 (3H, t, J = 7.6 Hz, 20-H3), 1.46 (2H, qui, J
= 7.6 Hz, 12-H2), 1.73 (2H, qui, J = 7.3 Hz, 3-H2), 2.04–2.15 (6H,
m, 11-H2, 13-H2, 19-H2), 2.23 (2H, q, J = 7.5 Hz, 4-H2), 2.33 (2H,
t, J = 7.4 Hz, 2-H2), 2.77 (2H, br t, J = 6.0 Hz, 16-H2), 3.67 (3H,
s, OCH3), 5.25–5.42 (5H, m,5-H, 14-H, 15-H, 17-H, 18-H), 5.71
(1H, dt, J = 14.4, 7.2 Hz, 10-H), 6.04 (1H, br t, J = 11.4 Hz, 6-H),
6.10 (1H, dd, J = 14.4, 11.0 Hz, 9-H), 6.18 (1H, dd, J = 14.5, 11.0
Hz, 8-H), 6.35 (1H, dd, J = 14.5, 11.4 Hz, 7-H); HR-FABMS m/z
([M + 1]+): calcd. for C21H33O2, 317.2480; found, 317.2481; UV
(MeOH) λmax = 256, 266, 275 (Fig. 2D); 13C NMR (CDCl3) δ:

174.02 (C-1), 33.37 (C-2), 24.82 (C-3), 27.08 (C-4), 130.77 (C-5),
129.77 (C-6), 125.75 (C-7), 130.79 (C-8), 130.19 (C-9), 135.10
(C-10), 32.36 (C-11), 29.23 (C-12), 26.68 (C-13), 129.60 (C-14),
128.48 (C-15), 25.57 (C-16), 127.31 (C-17), 131.82 (C-18), 20.55
(C-19), 14.30 (C-20), 51.48 (COOCH3). 

The UV, 1H NMR, and 13C NMR spectral data for 1b and 2b
were identical to the respective authentic data (8).

Cell viability test using E-CEPA and Z-CEPA in DLD-1 cells.
The cytotoxicity of the synthetic CEPA isomers (E-CEPA and Z-
CEPA) was examined in comparison with that of Mix-CEPA and
CLA. DLD-1 cells were treated with 0 to 20 µM of five FA (9Z,11E-
CLA, 10E,12Z-CLA, Mix-CEPA, E-CEPA, or Z-CEPA) at a purity
of 99%, and cell viability 24 h after administration was measured
using the WST-1 method. E-CEPA and Z-CEPA showed dose-de-
pendent cytotoxicity reactions in DLD-1 cells, and these effects
were stronger than those of CLA and Mix-CEPA (Fig. 3A). After
administration of Z-CEPA and E-CEPA at a dose of 5 µM, the cell
survival rates were 25 and 5%, respectively, compared with the con-
trol (Figs. 3A, 3B). Compared with Z-CEPA, E-CEPA showed a
stronger cytotoxicity reaction in DLD-1 cells. After administration
of 10E,12Z-CLA and Mix-CEPA at a dose of 20 µM, the cell sur-
vival rates were 80 and 27%, respectively, compared with the con-
trol (Figs. 3A, 3C). Hence, Mix-CEPA showed a stronger cytotox-
icity reaction in DLD-1 cells, compared with 10E,12Z-CLA.
Compound 9Z,11E-CLA at a dose of 20 µM did not show a cyto-
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FIG. 3. Cell viability test using 9Z,11E-CLA, 10E,12Z-CLA, Mix-CEPA,
Z-CEPA, and E-CEPA in DLD-1 cells (A–C). DLD-1 cells were incubated
for 24 h after treatment with each FA. (A) DLD-1 cells were incubated
after treatment with 0–20 µM FA. (B) DLD-1 cells were incubated after
treatment with ethanol (control) and 5 µM FA. (C) DLD-1 cells were in-
cubated after treatment with ethanol (control) and 20 µM FA. Values
are shown as the mean ± SD (n = 6). a,b,c,d: values with different su-
perscripts are significantly different at P < 0.05. For abbreviations see
Figure 1.

FIG. 4. Apoptosis assay (fluorescence dye staining analysis and DNA
fragmentation ladder analysis) using Z-CEPA and E-CEPA in DLD-1 cells
(A-E). Fluorescence dye staining analysis of DLD-1 cells treated with
ethanol (control, A), 2.5 µM Z-CEPA (B), and 2.5 µM E-CEPA (C). Cells
were incubated for 24 h after treatment with CEPA. Magnification:
100×. (D) Fluorescence dye staining analysis of DLD-1 cells treated with
2.5 µM Z-CEPA. Cells were incubated for 24 h after supplementation of
Z-CEPA. Magnification: 200×. The arrows indicate apoptotic cells. (E)
DNA fragmentation ladder analysis of DLD-1 cells treated with CEPA.
Agarose gel electrophoresis of low-M.W. DNA extracted from DLD-1
cells. DLD-1 cells were exposed to ethanol (control), 2.5 µM Z-CEPA,
or 2.5 µM E-CEPA. M: M.W. markers. For abbreviations see Figure 1.



toxicity reaction in DLD-1 cells (Fig. 3). The Mix-CEPA, Z-CEPA,
and E-CEPA concentrations for 50% suppression of cell viability
were approximately 15, 3, and 2.5 µM, respectively. Hence, the
order of cytotoxicity reaction in DLD-1 cells was E-CEPA > Z-
CEPA > Mix-CEPA > 10E,12Z-CLA > 9Z.11E-CLA.

Apoptosis assays (fluorescence dye staining analysis and
DNA fragmentation ladder analysis) in DLD-1 cells. To character-
ize the mechanism of cell death, cytological alterations and cellu-
lar DNA degradation were analyzed. DLD-1 cell death caused by
E-CEPA and Z-CEPA was accompanied by marked changes in
cellular morphology. Nuclear condensation and brightness were
observed by fluorescent microscopy in Hoechst 33342-stained
cells treated with E-CEPA and Z-CEPA, compared with cells
treated with ethanol only (Fig. 4A–D), and treatment of DLD-1
cells with 2.5 µM E-CEPA or Z-CEPA resulted in a DNA frag-
mentation ladder (Fig. 4E). Hence, it was shown that E-CEPA and
Z-CEPA induced apoptosis in DLD-1 cells.

Cell viability test using E-CEPA and Z-CEPA in various
human tumor cells. The cytotoxicity of the CEPA isomers was ex-
amined in three other human tumor cell lines (HepG2, A549, and
HL-60), in addition to DLD-1 cells. Both E-CEPA and Z-CEPA
showed strong dose-dependent cytotoxicity reactions in all the cul-
tured human tumor cells examined (Fig. 5), with these effects
being particularly strong in DLD-1 and HL-60 cells, compared
with A549 and HepG2 cells.

DISCUSSION

In this study, we have synthesized two naturally occurring CEPA
isomers and examined their cytotoxicity reaction in human tumor
cells, compared with that of CLA. Consequently, we confirmed
that E-CEPA and Z-CEPA, both of which contain a conjugated

triene system, have a strong cytotoxicity reaction in tumor cells
and that this occurs through induction of apoptosis. As far as we
are aware, this is the first study to verify the cytotoxicity reaction
of a naturally occurring CEPA.

We previously reported that CEPA has some potentially in-
teresting physiological effects (9,12). However, in those studies,
we used CEPA prepared by alkaline isomerization, and the CEPA
was therefore a mixture of several isomers. At present, it is diffi-
cult to identify all of these isomers, and it is possible that some
isomers produced by alkaline isomerization have little antitumor
effect and may even have harmful side reactions . Therefore, the
bioactivity of each isomer needs to be investigated. CEPA isomers
such as 5Z,7E,9E,14Z,17Z–20:5 and 5E,7E,9E,14Z,17Z–20:5
(Scheme 1) are found in red algae (8), but the amounts of these
molecules are extremely small and it is very difficult to extract and
purify CEPA from red algae. Hence, synthesis of these molecules
provides an alternative approach, and in this study we succeeded
in the synthesis of two CEPA isomers, beginning from δ-valero-
lactone (Figs. 1, 2). The UV, 1H NMR, and 13C NMR spectral data
of the synthetic CEPA isomers (E-CEPA and Z-CEPA) were iden-
tical to the respective authentic data (8).

Most CLA in nature is in the form of 9Z,11E-CLA (1). How-
ever, natural sources contain only a small amount of CLA, and
therefore CLA used experimentally is generally prepared from
linoleic acid by alkali isomerization, which gives a mixture of two
isomers: 9Z,11E-CLA and 10E,12Z-CLA (Scheme 1). Several
studies have shown an antitumor effect of the CLA mixture pre-
pared by alkali isomerization (1,4,5), but it was only recently veri-
fied in a comparative study of the isomers that 9Z,11E-CLA had
little effect and 10E,12Z-CLA, the minor component in nature, had
a strong effect (24). This result was confirmed in the current study,
which showed that 10E,12Z-CLA had a stronger cytotoxic effect
than 9Z,11E-CLA (Fig. 3). In evaluating the cytotoxic effect of
synthesized CEPA (E-CEPA and Z-CEPA) in tumor cells, 9Z,11E-
CLA, 10E,12Z-CLA and Mix-CEPA (a CEPA mixture prepared
from EPA by alkali isomerization) were used as positive controls.
The results showed that E-CEPA and Z-CEPA had an extremely
strong cytotoxic effect in tumor cells, compared with the CLA
(Fig. 3). Therefore, both E-CEPA and Z-CEPA, which have a
stronger physiological effect than CLA, are expected to be effec-
tive as physiologically active lipids.

The results also showed that E-CEPA and Z-CEPA had an ex-
tremely strong cytotoxic effect in tumor cells, compared with Mix-
CEPA (Fig. 3). Mix-CEPA contains many structural isomers, and
it is likely that some isomers that are only weakly bioactive are
present in Mix-CEPA. We have previously clarified that conju-
gated FA with a conjugated triene system have a far stronger cyto-
toxicity reaction than conjugated FA with a conjugated diene sys-
tem (13). The content of Mix-CEPA includes 58% conjugated
diene FA and 35% conjugated triene FA, whereas the synthetic
CEPA isomers contain only a conjugated triene system, perhaps
accounting for the stronger activity of E-CEPA and Z-CEPA.

The synthetic CEPA isomers were observed to promote nu-
clear condensation and DNA fragmentation in DLD-1 cells, indi-
cating induction of apoptosis (Fig. 4). This suggests that synthetic
CEPA is safe, because apoptosis, and not necrosis, was induced in
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FIG. 5. Cell viability test using Z-CEPA (A) and E-CEPA (B) in various
human tumor cells. Human tumor cells (A549, DLD-1, HepG2, HL-60
cells) were incubated for 24 h after treatment with FA. Values are shown
as the mean ± SD (n = 6). a,b,c,d: values with different superscripts are
significantly different at P < 0.05. For abbreviations see Figure 1.



the cancer cells. Furthermore, the synthetic CEPA isomers showed
strong cytotoxicity reaction not only in the DLD-1 colorectal can-
cer cells but also in pulmonary carcinoma, hepatoma, and
leukemia cells (Fig. 5). Therefore, it is anticipated that the syn-
thetic CEPA will act on various carcinomas. E-CEPA, which con-
tains an all-(E) conjugated triene structure, showed stronger cyto-
toxicity reaction than Z-CEPA, in which the conjugated triene
structure contains both E and Z unsaturation configurations
(Scheme 1; Figs. 3, 5). Hence, geometrical isomerism can influ-
ence the bioactivity of conjugated triene FA, and it appears that an
all-(E) configuration leads to a stronger cytotoxicity reaction.

The mechanisms reportedly underlying the antitumor effects
of FA include lipid peroxidation, modulation of eicosanoid pro-
duction by changes in FA composition, and changes in membrane
fluidity (25). Some studies have suggested that lipid peroxidation
itself induces apoptosis and suppression of cell viability (26–33),
and we have previously reported that some conjugated FA with a
conjugated triene system can induce apoptosis in tumor cells via
lipid peroxidation. It is likely that synthetic CEPA also induces
apoptosis through lipid peroxidation. Hence the use of CEPA in
food and medicine has considerable potential, once its safety is
confirmed in animal studies and clinical trials. 
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ABSTRACT: Sciadonic acid (20:3, ∆-5c,11c,14c) is a polymeth-
ylene-interrupted PUFA (PMI-PUFA) that is present in conifer
seeds and known to be incorporated into animal cells and to ac-
cumulate in membrane PI as a substitute for arachidonate. In this
study, we investigated whether PI having sciadonate could serve
as source of DAG that could activate protein kinase C (PKC).
When Swiss 3T3 cells cultured with sciadonic acid were stimu-
lated with 100 nM of bombesin, 1-stearoyl-2-sciadonoyl-glycerol
(G) and 1-stearoyl-2-arachidonoyl-G were produced. The net in-
crements of these two molecular species of DAG reflected the
levels of the two molecular species in the PI in the cells. When
cells cultured with juniperonic acid (20:4, ∆-5c,11c,14c,17c)
were stimulated, 1-stearoyl-2-juniperonoyl-G was produced in
proportion to the level of this molecular species in PI in the cells.
We also examined PKC activation by synthetic DAG using a par-
tially purified PKC fraction from rat brain and found that both 1-
stearoyl-2-sciadonoyl-G and 1-stearoyl-2-juniperonoyl-G could
activate PKC comparably to 1-stearoyl-2-arachidonoyl-G. These
results indicate that 1-stearoyl-PI having these C20 PMI-PUFA
residues can serve as sources of potential signaling molecules. 

Paper no. L9613 in Lipids 40, 155–162 (February 2005). 

The alignment of the double bonds of typical PUFA, such as
arachidonic acid (AA) and EPA, are interrupted by one meth-
ylene group. However, the alignment of the double bonds in
some PUFA are interrupted by two or more methylenes. The
PUFA with this characteristic alignment of double bonds are
categorized as nonmethylene-interrupted PUFA or as poly-
methylene-interrupted-PUFA (PMI-PUFA). PMI-PUFA, such
as pinolenic acid (18:3, ∆-5,9,12), sciadonic acid (20:3, ∆-
5,11,14; SciA), and juniperonic acid (20:4, ∆-5,11,14,17; JA),
have been shown to exist widely in coniferous plants (1-4).
Currently, conifer seed oils are not directly used as dietary oils,
but some kinds of conifer seeds are consumed in some coun-
tries, such as Italy, Korea, and Japan. Pasquier et al. (5) pro-
posed that conifer seeds be considered as a potential source of
dietary oil because dietary conifer seed oils have shown sub-
stantial lipid-lowering potential in experimental animals (6,7). 

PMI-PUFA are known to serve as substrates for enzymes of
glycerolipid biosynthesis and FA oxidation (8). The incorpora-

tion of PMI-PUFA into membrane phospholipids of animal cells
in both in vivo and in vitro experiments has been reported
(5,6,9–13). Our recent investigation demonstrated that SciA
(lacking the ∆8 double bond of AA) and JA (lacking the ∆8 dou-
ble bond of EPA) (Scheme 1) were metabolized in a manner sim-
ilar to AA and EPA, respectively, in the process of acylation to
phospholipids in HepG2 cells (13). We also demonstrated that
SciA is an effective substitute for arachidonate of PI in HepG2
cells (12). The in vivo accumulation of sciadonate in hepatic PI of
mice has been demonstrated using Platycladus orientalis (Biota
orientalis) seed oil, which contains only 2.9% SciA (9,10). 

A well-known characteristic of PI in mammalian cells is an
abundance of arachidonate. At the molecular level, PI has been
reported to be composed mainly of 1-stearoyl-2-arachidonoyl
species in various organs and cells of mammals (14–19). Since
inositolphospholipid is a main source of DAG in cell signaling,
the predominant molecular species of DAG produced during
the early response to agonistic stimulation is 1-stearoyl-2-
arachidonoyl-glycerol (-G) (20). Therefore, the replacement of
arachidonate in membrane PI with a PMI-PUFA residue im-
plies structural modification of the source of signaling mole-
cules. In this study, we investigated whether molecular species
of PI having a PMI-PUFA residue could serve as source of
DAG. Such information is helpful for better understanding the
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metabolic fate of dietary PMI-PUFA and the mechanisms of
the beneficial effects of PMI-PUFA-containing conifer seeds
used as a traditional Chinese medicine (21). For this purpose,
we conducted experiments using Swiss 3T3 cells, a well-docu-
mented cell line in the research on inositolphospholipid signal-
ing. We also examined the efficacies of activation of protein
kinase C (PKC) by synthetic DAG homologs including PMI-
PUFA-containing molecular species. 

MATERIALS AND METHODS

Materials. Dulbecco’s modified Eagle’s medium (DMEM),
penicillin, streptomycin, and FBS were obtained from Gibco
BRL and Life Technologies, Inc. (Rockville, MD). Essentially
FA-free BSA, 1-stearoyl-2-lyso-sn-glycero-3-phosphocholine,
bombesin, phospholipase C (PLC) (from Bacillus cereus),
myelin basic protein from bovine brain, and histone from calf
thymus were obtained from Sigma Chemical Co. (St. Louis,
MO). AA, EPA, and linoleic acid were purchased from Serdary
Research Laboratories (London, Ontario, Canada). [γ-32P]ATP
(3,000 Ci/mmol) was obtained from PerkinElmer Life Sci-
ences, Inc. (Boston, MA). Biota and umbrella pine seeds were
purchased from a nursery. The seeds were milled in methanol,
and lipids were extracted by the method of Folch et al. (22).
The lipid extract of the seeds was dissolved in 5% methanolic
HCl, and FAME were prepared (23). SciA and JA were puri-
fied using argentation-TLC from FAME prepared from um-
brella pine and biota seeds, respectively (23), and used after
saponification. The purities of these PMI-PUFA were checked
by GC and were over 98%. The double-bond positions of puri-
fied PMI-PUFA were confirmed by GC–MS, as described in
Reference 23. All other reagents were of reagent grade. 

Cell culture and analysis of cellular lipids. Swiss 3T3 cells
obtained from the American Type Culture Collection (Manas-
sas, VA) were plated in 100-mm plastic dishes at 4 × 105

cells/dish, and maintained in 10 mL of DMEM containing 10%
FBS in a humidified atmosphere of 10% CO2, 90% air at 37°C.
After they had grown to confluence, 50 µM of FA was added
to the cell cultures three times (12, 24, and 48 h before harvest)
as a BSA complex (24). The cells were washed with PBS and
harvested by trypsinization. The lipids of the cells were ex-
tracted by the method of Bligh and Dyer (25). The PI of the
Swiss 3T3 cells was isolated from the lipid extract by 2-D TLC
using chloroform/methanol/28% ammonia (65:35:5, by vol)
for the first solvent system and chloroform/acetone/
methanol/acetic acid/water (50:20:10:13:5, by vol) for second
solvent system. The FA composition of the PI was analyzed by
GC (Shimadzu GC-14A; Shimadzu, Kyoto, Japan) equipped
with a capillary column coated with CBP 20 (0.25 µm film, 30
m length; Shimadzu) as FAME obtained by transmethylesteri-
fication (23). The carrier gas was nitrogen. The temperature of
the injection/FID was set at 250°C. The initial column temper-
ature was set at 170°C and then raised to 225°C at 5°C/min.
The molecular species of the PI was determined by HPLC as a
1,2-DAG-dinitrobenzoyl derivative (DAG-DNB). A portion of
the PI was hydrolyzed with PLC from B. cereus, and the result-

ing DAG was reacted with 3,5-DNB-chloride (26). The DAG-
DNB formed was purified by TLC using hexane/diethyl ether
(70:30, vol/vol) as the solvent system and analyzed by HPLC
(Tosoh CCPD, Tokyo, Japan) equipped with a 0.45 × 25 cm In-
ertsil ODS-2 column (GL Science Inc., Tokyo, Japan) using
acetonitrile/isopropanol (80:20, vol/vol) as the eluent (13). The
molecular species of PC of Swiss 3T3 cells was analyzed as a
DNB derivative by a similar method. To assign each peak, the
eluate corresponding to each molecular species peak was col-
lected, and direct FA analysis of each fraction was conducted
by GC after transmethylesterification of DAG-DNB as de-
scribed above. The trypan blue exclusion test showed that there
was no significant difference in cell viability among the cells
cultured with various PUFA. 

DAG-production assay. Swiss 3T3 cells cultured with vari-
ous FA (linoleic acid, SciA, JA, or EPA) were washed, harvested
and suspended in a buffer consisting of 20 mM HEPES (pH 7.4),
115 mM NaCl, 5.4 mM KCl, 0.8 mM MgCl2, 1.8 mM CaCl2,
and 13.8 mM glucose (buffer A) at density of 1 × 106 cells/mL.
After 3 min of preincubation, the suspension (4 mL) of cells was
incubated with 100 nM bombesin for 10 s under continuous stir-
ring at 37°C. Then, the cell suspension was mixed with 15 mL
of a mixture of chloroform/methanol (1:2, vol/vol) and 540 pmol
of 1,2-distearoyl-G as an internal standard, and sonicated for 30
s. Lipids were extracted by the method of Bligh and Dyer (25).
The 1,2-DAG was isolated from the lipid extract by TLC using
hexane/diethyl ether/acetic acid (20:80:1, by vol) as the solvent
system. The purified 1,2-DAG was converted to DAG-DNB and
analyzed by HPLC as described above. Peaks in the chromato-
grams were assigned from the data obtained in the molecular
species analyses of PC and PI of Swiss 3T3 cells. Amounts of
each molecular species of DAG were determined based on the
peak area relative to that of the DNB-derivative of 1,2-dis-
tearoyl-G as the internal standard. 

Synthesis of DAG. DAG for PKC assay were prepared by hy-
drolysis of synthetic PC with PLC (27). Briefly, AA, SciA, JA,
or EPA was converted to its respective fatty acyl chloride by
treatment with oxalyl chloride at 4°C for 3 h in the dark. 1-
Stearoyl-2-lyso-sn-glycero-3-phosphocholine suspended in dry
hexamethylphosphoric triamide was allowed to react with the
fatty acyl chloride at 4°C for 24 h in the dark. The resultant PC
was purified by TLC using chloroform/methanol/water (65:35:6,
by vol) as the solvent system. The purities of the PC having SciA
or JA, novel PC synthesized in this study, were confirmed by ma-
trix-assisted laser desorption/ionization time-of-flight MS in a
Voyager DE STR (Applied Biosystems, Framingham, MA,)
using 2,5-dihydroxybenzoic acid as a matrix (28). 1-Stearoyl-2-
sciadonoyl-PC and 1-stearoyl-2-juniperonoyl-PC gave a set of
three intense signals of [M + H]+, [M + Na]+, and [M + K]+ at
m/z 812.6, 834.6, and 850.6 (sciadonoyl-PC) and m/z 810.6,
832.6, and 848.6 (juniperonoyl-PC), respectively. DAG was ob-
tained by digestion of the PC with PLC from B. cereus. The re-
sultant DAG was used for PKC assay after purification by TLC
using hexane/diethyl ether/acetic acid (20:80:1, by vol) as the
solvent system. The amount of DAG was determined by GC
using heptadecanoic acid as the internal standard. 
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Preparation of PKC fraction. The PKC fraction was pre-
pared from rat brain soluble fractions (29). Male Wistar rats
(250 g body weight) were anesthetized with diethyl ether and
sacrificed by decapitation. The whole brains (1.5–1.6 g each)
from eight rats were homogenized in a Potter-Elvehjem glass-
Teflon homogenizer with 160 mL of buffer consisting of 25
mM Tris-HCl (pH 7.5), 50 mM 2-mercaptoethanol, 2 mM
EGTA, 1 mM PMSF, and 0.25 M sucrose. The homogenate
was centrifuged for 90 min at 75,000 × g. The supernatant was
applied to a DEAE-cellulofine column (2.5 × 11 cm; Seikagaku
Kogyo, Tokyo, Japan), which was equilibrated beforehand with
a buffer consisting of 25 mM Tris-HCl (pH 7.5), 50 mM 2-mer-
captoethanol, and 2 mM EGTA (buffer B). After washing the
column with 200 mL of buffer B at a flow rate of 0.7 mL/min,
proteins retained in the column were eluted by the application
of 400 mL of a linear NaCl gradient (0–400 mM) in buffer B at
a flow rate of 0.5 mL/min. The eluate was fractionated (7 mL
each), and the absorbance at 280 nm and PKC activities of each
fraction were measured as described below. 

PKC assay. 1-Stearoyl-2-oleoyl-sn-glycero-3-phosphoser-
ine (PS) (62.5 nmol) and DAG (15.5 nmol) in a mixture of
chloroform/methanol (1:1,vol/vol) were placed in a round-bot-
tomed tube, and the solvents were removed under reduced
pressure in a rotary evaporator. The resulting thin films of
mixed lipids were suspended in 1 mL of 125 mM Tris-HCl
buffer (pH 7.4) by vortexing. The suspension was then soni-
cated for 1 min in a bath-type sonicator (200 W, 42 kHz) at
25°C. A PKC assay was conducted with the resulting lipid
vesicles. The reaction mixture (50 µL) contained 25 mM Tris-
HCl (pH 7.4), 5 mM MgCl2, 1 µM CaCl2, 25 µg of calf thy-
mus histone, 10 µM [γ-32P]ATP (0.5 µCi), lipid vesicles (12.5
µM PS and 3.1 µM DAG), and 3 µg protein of the PKC frac-
tion. In the experiment using myelin basic protein from bovine
brain (25 µg) as the PKC substrate, 1.5 µg protein of the PKC
fraction was used. The reaction was started by addition of the
PKC fraction. After incubation for 5 min at 30°C, the reaction
was terminated by addition of 20 mM ATP (50 µL), and 50 µL
of the mixture was spotted on P-81 ion-exchange paper (What-
man). The paper was washed three times with 75 mM phos-
phoric acid solution and dried for 1 h at 80°C. The radioactiv-
ity of the phosphorylated proteins that were adsorbed on the
paper was measured by liquid scintillation counting.

RESULTS

Bombesin-induced DAG-production in Swiss 3T3 cells cultured
with various PUFA. Bombesin has been reported to be a potent
stimulator that induces biphasic DAG generation (30). In a
time-course experiment using Swiss 3T3 cells labeled with
[3H]AA, the highest DAG production was observed at 10 s of
incubation with 100 nM of bombesin (data not shown). There-
fore, the DAG-production assay of Swiss 3T3 cells cultured
with or without (control) various PUFA was conducted in this
condition. The amounts of each DAG molecular species were
determined by HPLC using 1,2-distearoyl-G as the internal
standard (Figs. 1,2). Although the FA profile of PI in animal

tissues shows an abundance of arachidonate, the PI of the con-
trol cells had molecular species containing not only AA but
also oleic acid (18:1, ∆-9) and Mead acid (20:3, ∆-5,8,11; MA)
(Table 1). The abundance of n-9 series unsaturated FA in mem-
brane lipids indicated that the cells without FA supplementa-
tion were in a condition of FA deficiency and that MA com-
pensated for the AA deficiency in PI. The DAG-production
assay revealed that both 1-stearoyl-2-arachidonoyl-G and 1-
stearoyl-G containing MA increased markedly in control cells
stimulated with bombesin (Fig. 1). The net increments of 1-
stearoyl-2-arachidonoyl-G and 1-stearoyl-G containing MA
were calculated to be 115 and 78 pmol/4 × 106 cells, respec-
tively (Fig. 2). The ratio of the amounts of these DAG (approx-
imately 1:1) reflected the abundance of corresponding molecu-
lar species in the PI (22 and 20%, respectively) of control cells
(Table 1). We confirmed here that DAG produced under our
assay conditions were PI-derived, because both AA and MA
were scarcely detected in the PC of the control cells (data not
shown). Similar experimental results using Swiss 3T3 cells
have been reported by Pettitt and Wakelam (31). 

When the cells were cultured with linoleic acid, the level of
1-stearoyl-2-arachidonoyl-PI increased markedly (64%) (Table
1). Consistent with changes in the molecular species composi-
tion of PI, only the molecular species 1-stearoyl-2-arachi-
donoyl-G increased, from 76 to 209 pmol/4 × 106 cells, upon
the stimulation with bombesin (Figs. 1,2). 

As seen in HepG2 cells (13), SciA was available as an acyl
group of PI in Swiss 3T3 cells. As a result, 1-stearoyl-2-sci-
adonoyl-PI emerged in place of 1,2-dioleoyl-PI and 1-stearoyl-
PI containing MA (Table 1). The HPLC analysis of DAG-DNB
prepared from cells cultured with SciA showed that the levels
of 1-stearoyl-2-arachidonoyl-G and the mixture of 1-stearoyl-
2-sciadonoyl-G + 1,2-dipalmitoyl-G increased on bombesin
stimulation (Figs. 1,2). Almost all the increments in the level
of the latter mixed DAG were considered attributable to the in-
crease in the amount of 1-stearoyl-2-sciadonoyl-G, because
1,2-dipalmitoyl species did not exist in the PI of SciA-supple-
mented cells, and the level of 1,2-dipalmitoyl-G in other cells
was not changed much by agonistic stimulation. Accordingly,
the net increment of 1-stearoyl-2-sciadonoyl-G could be esti-
mated as 98 pmol/4 × 106 cells, which was approximately twice
the increment of 1-stearoyl-2-arachidonoyl-G (54 pmol/4 × 106

cells). The relative amounts of these DAG reflected the abun-
dance of corresponding molecular species in PI (22 and 38%,
respectively) in the cells cultured with SciA. This result indi-
cated that PI having sciadonate is used as a source of DAG
equally to PI having arachidonate. 

Like SciA, JA was extensively acylated to PI in Swiss 3T3
cells. As a result, 1-stearoyl-2-juniperonoyl-PI constituted 42%
of the total molecular species of PI (Table 1). When the cells
were stimulated with bombesin, two molecular species of
DAG, namely 1-stearoyl-2-arachidonoyl-G and 1-stearoyl-2-
juniperonoyl-G, were produced (Figs. 1,2). The net increments
of these DAG were calculated to be 46 and 87 pmol/4 × 106

cells, respectively. The ratio of the amounts of these DAG (ap-
proximately 1:2) reflected the abundance of corresponding mo-
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lecular species in the PI (15 and 42%, respectively) in the cells
cultured with JA (Table 1). 

Similar experiments were conducted with EPA. 1-Stearoyl-
2-eicosapentaenoyl-PI was the predominant molecular species
(53%) of PI in cells cultured with EPA (Table 1). In these cells,
1-stearoyl-2-arachidonoyl-PI constituted only 9% of the total
molecular species of PI. Consistent with this profile of the mo-
lecular species of PI, the predominant molecular species of
DAG produced due to the stimulation was 1-stearoyl-2-eicos-
apentaenoyl-G. The increments of 1-stearoyl-2-arachidonoyl-
G and 1-stearoyl-2-eicosapentaenoyl-G were estimated to be
16 and 99 pmol/4 × 106 cells, respectively (Figs. 1,2). The rel-
ative productions of these DAG (approximately 1:6) were in
good agreement with the abundance of each molecular species
in PI in the cells. 

Activation of PKC by synthetic DAG homologs. We exam-
ined the efficacies of PKC activation by DAG having PMI-
PUFA residues (Table 2). Because of the low activity of the en-
zyme, efficacies of PKC activation by different DAG could not
be determined using commercially obtained PKC. Therefore,
the enzyme fraction used here was prepared from rat brain cy-
tosol using DEAE ion-exchange coumn chromatography by the
method reported by Inagaki et al. (29). The fraction with the

highest PKC activity was eluted from the column at 150 mM
NaCl and used for the PKC assay after appropriate dilution.
This PKC fraction has been shown to contain cPKC as major
isoenzymes (32). In fact, the PKC activity was found to be
highly dependent on cofactors (Figs. 3A,B): It required >10
µM PS, >6 µM 1-stearoyl-2-arachidonoyl-G, and >1 µM Ca2+.
On the basis of these results, the assay was conducted in the
presence of 12.5 µM of PS, 3.1 µM of synthetic DAG, and 1
µM of Ca2+. The potencies of DAG for PKC activation were
examined using histone or myelin basic protein as the substrate
(Table 2). Although actual PKC activities were higher in the
experiments with myelin basic protein than those with histone
in all DAG species, the relative potencies of DAG were essen-
tially similar with both substrates. The DAG with the highest
potency for activation of the PKC fraction was 1-stearoyl-2-
arachidonoyl-G. In contrast, DAG having a palmitoyl (sn-1) or
linoleoyl group (sn-2) were poor activators, indicating that the
structural requirement of DAG for PKC activation could be de-
termined under our assay condition. The levels of PKC activa-
tion by both 1-stearoyl-2-sciadonoyl-G and 1-stearoyl-2-ju-
niperonoyl-G were comparable to that by 1-stearoyl-2-arachi-
donoyl-G. We also prepared mixed DAG vesicles containing
1-stearoyl-2-arachidonoyl-G and 1-stearoyl-G having C20
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FIG. 1. HPLC of dinitrobenzoyl (DNB) derivatives of PI and DAG obtained from Swiss 3T3 cells cultured with or without PUFA. Swiss 3T3 cells
cultured without fa (control) or with 50 µM PUFA were incubated with (activated) or without (resting) 100 nM of bombesin for 10 s. The lipids
were extracted after addition of 1,2-distearoyl-glycerol (-G) as an internal standard. The isolated DAG was converted to a DNB derivative and ana-
lyzed by HPLC. The DNB derivative of 1,2-distearoyl-G was eluted at 80 min. HPLC of the DNB derivative of PI isolated from the resting cells is
also shown. Peaks observed in the molecular species analysis of PI and PC were assigned by direct analysis with GC after transmethylesterification.
From these data, peaks in the chromatograms of DAG were assigned. The numbers above peaks correspond to the peak numbers of molecular
species shown in Table 1 and Figure 2. An asterisk (*) indicates significantly increased from resting cells. 
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FIG. 2. Bombesin-induced DAG-production in Swiss 3T3 cells cultured with various PUFA. Swiss 3T3 cells cultured without or with 50 µM PUFA
were incubated with (hatched bar) or without (open bar) 100 nM bombesin for 10 s. DAG isolated from the cells were analyzed by HPLC as shown
in Figure 1, and the amounts of each DAG were determined on the basis of the peak area relative to that of DNB of 1,2-distearoyl-G as internal
standard. Values are expressed as pmol/4 × 106 cells ± SD from three independent experiments. JA, juniperonic acid; SciA, sciadonic acid; AA, ar-
achidonic acid; MA, Mead acid; DGLA, dihomo-γ-linolenic acid; +C2, chain-elongated metabolite. For other abbreviation see Figure 1. *, **,
***Significantly different from resting cells using Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001). 



PMI-PUFA residue at a molar ratio 1:1 and used them for PKC
assay. The results showed that the relative potencies of the mix-
ture of 1-stearoyl-2-arachidonoyl-G and 1-stearoyl-2-sci-
adonoyl-G, and the mixture of 1-stearoyl-2-arachidonoyl-G
and 1-stearoyl-2-juniperonoyl-G were 100 and 91%, respec-
tively, compared with that of 1-stearoyl-2-arachidonoyl-G
alone. These results indicated that the potencies of 1-stearoyl-
G having C20 PMI-PUFA residues are comparable to that of 1-
stearoyl-2-arachidonoyl-G. 

DISCUSSION

Previously, we demonstrated that SciA, an n-6 series C20 PMI-
PUFA, is an effective substitute for AA residue of PI in HepG2
cells (12,13). The accumulation of SciA in PI has been observed
in mice fed biota seed oil, which contains 2.9% SciA (9,10). In
this study using Swiss 3T3 cells, supplementation of SciA to
cells caused enrichment of newly formed 1-stearoyl-2-sci-
adonoyl-PI, which was the most abundant molecular species in
PI (38%) (Table 1). Although our previous study with HepG2

cells showed that neither JA nor EPA accumulated in PI at levels
similar to SciA (13), these n-3 PUFA were effectively acylated
to PI in Swiss 3T3 cells (Table 1). The reason for the difference
in the metabolic behaviors of these n-3 PUFA in HepG2 cells
and Swiss 3T3 cells is unknown, but it might be ascribed to dif-
ferences in the substrate specificity of enzymes, such as acyl
CoA:1-acyl-2-lyso-PI acyltransferase, CoA-dependent transacy-
lase, and enzymes involved in the phosphoinositide cycle, re-
sponsible for biosynthesis of PI in the respective cell lines. In
any event, supplementation of SciA and JA to Swiss 3T3 cells
modified the molecular species composition of PI extensively. 

A portion of PI in the membrane is metabolized by PI 4-ki-
nase and PI 5-kinase. The resulting PIP2 is hydrolyzed by acti-
vated PLC in response to the agonistic stimulation. Our results
indicated that 1-stearoyl-2-sciadonoyl-PI is sequentially metabo-
lized by these PI-kinases and PLC in a similar manner to 1-
stearoyl-2-arachidonoyl-PI, because 1-stearoyl-2-sciadonoyl-G
and 1-stearoyl-2-arachidonoyl-G were produced in response to
stimulation with bombesin in proportion to the level of each mo-
lecular species in PI of the cells cultured with SciA. This was
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TABLE 1
Molecular Species of PI in Swiss 3T3 Cells Cultured with Various PUFAa

Cells cultured in the presence of:

No. Molecular species Control Linoleic acid Sciadonic acid Juniperonic acid Eicosapentaenoic acid

%
1. 20:4(JA)/20:4(JA) N.D.a N.D. N.D. 2.4 ± 1.1 N.D.
2. 20:4(JA)/22:4(JA+C2) N.D. N.D. N.D. 1.2 ± 0 N.D.
3. 18:1/20:5 N.D. N.D. N.D. 1.4 ± 1.0 6.5 ± 2.4
4. 18:2/18:2 N.D. N.D. N.D. N.D. N.D.
5. 16:0/20:5 N.D. N.D. N.D. 1.2 ± 0.1 8.0 ± 3.4
6. 18:2/20:3(SciA) N.D. N.D. 1.1 ± 0.3 N.D. N.D.
7. 20:3(SciA)/20:3(SciA) N.D. N.D. 3.0 ± 0.8 N.D. N.D.
8. 18:1/22:5 N.D. N.D. N.D. N.D. 3.2 ± 2.5
9. 18:1/20:4(JA) N.D. N.D. N.D. 6.5 ± 1.2 N.D.

10. 16:0/20:4(JA) N.D. N.D. N.D. 7.8 ± 1.6 N.D.
11. 18:1/20:4(AA) 7.4 ± 0.7 6.4 ± 1.8 2.0 ± 1.0 N.D. 2.1 ± 0.3

+16:0/22:5
12. 16:0/20:4(AA) 1.6 ± 0.3 3.5 ± 1.0 2.3 ± 0.9 N.D. N.D.
13. 18:0/20:5 N.D. N.D. N.D. 10.3 ± 3.9 53.0 ± 2.4
14. 18:0/22:6+18:1/18:2 3.9 ± 0.6 4.7 ± 0.5 7.6 ± 1.7 N.D. N.D.

+18:1/20:3(SciA)
+18:1/22:4(AA+C2)

15. 16:0/18:2+16:0/16:1 2.7 ± 0.5 1.2 ± 0.3 N.D. 1.7 ± 0.4 N.D.
+16:0/22:4(AA+C2)
+16:0/22:4(JA+C2)

16. 16:0/20:3(SciA) N.D. N.D. 6.5 ± 2.5 N.D. N.D.
17. 18:1/20:3(MA) 8.8 ± 1.6 N.D. N.D. N.D. 8.5 ± 1.2

+18:0/22:5
18. 14:0/16:0 N.D. N.D. N.D. N.D. N.D.
19. 18:0/20:4(JA) N.D. N.D. N.D. 42.3 ± 5.2 N.D.
20. 18:0/20:4(AA) 22.0 ± 4.9 63.7 ± 4.7 22.1 ± 3.7 14.5 ± 0.1 8.9 ± 1.5
21. 18:1/18:1 9.9 ± 3.9 N.D. N.D. 0.8 ± 0.7 N.D.
22. 18:0/18:2+16:0/18:1 3.4 ± 2.1 7.0 ± 0.7 6.1 ± 0.8 3.7 ± 0.4 N.D.

+18:0/20:3(DGLA)
23.b 18:0/20:3(SciA) N.D. N.D. 38.4 ± 2.6 N.D. N.D.
24. 18:0/20:3(MA) 20.2 ± 2.9 N.D. N.D. N.D. N.D.
25. 18:0/18:1 3.2 ± 1.2 N.D. N.D. N.D. N.D.
26. 18:0/16:0 1.1 ± 0.4 N.D. N.D. N.D. N.D.
aThe peak number corresponds to the number of molecular species shown in Figures 1 and 2. Values are percentages of the total molecular species, means ±
SD (three or four harvests of cells). AA, arachidonic acid; SciA, sciadonic acid; JA, juniperonic acid; MA, Mead acid; DGLA, dihomo-γ-linolenic acid; +C2,
chain-elongated metabolite. N.D., not detected.
bJudging from the GC analysis, peak 23 did not contain 16:0/16:0 at significant concentration.  



also the case for the 1-stearoyl-2-juniperonoyl-PI. From these
observations, it is possible to conclude that 1-stearoyl-PI con-
taining these C20 PMI-PUFA localize at the cell membrane in a
manner similar to 1-stearoyl-2-arachidonoyl-PI, and that PI-ki-
nases and PLC in Swiss 3T3 cells do not discriminate the struc-
tural differences between AA residue and SciA or JA residue in
inositolphospholipids. 

In this study, we showed that the most potent activator of
the PKC fraction was 1-stearoyl-2-arachidonoyl-G, the pre-
dominant molecular species in PI in various organs and mam-
malian cells (14–19). Although the level of activation of the
PKC fraction by 1-stearoyl-2-eicosapentaenoyl-G was some-
what lower than that by 1-stearoyl-2-arachidonoyl-G, as re-

ported by Marignani et al. (33) and Madani et al. (34), both 1-
stearoyl-2-sciadonoyl-G and 1-stearoyl-2-juniperonoyl-G acti-
vated the PKC fraction comparably to 1-stearoyl-2-
arachidonoyl-G. The activation of PKC in living cell is a com-
plicated process. The specific anchoring protein (35) and free
PUFA (36) are reported to mediate PKC translocation, and its
phosphorylation modulates the activity of PKC (37). Because
our data on PKC activation are limited to the in vitro condition,
the possibilities that processes of translocation of PKC or inter-
action with the PKC substrate are affected in the cells treated
with PMI-PUFA cannot be ruled out, but the results presented
above indicate that the PKC used in our assay do not discrimi-
nate the structural difference between the arachidonate and C20
PMI-PUFA residues in DAG molecules. 

In conclusion, we found that PI having sciadonate or juniper-
onate are converted to DAG with similar efficacy as PI having
arachidonate. The resulting DAG having these C20 PMI-PUFA
residues were shown to be potent activators for the PKC frac-
tion. It is thus possible to consider that PI having these C20
PMI-PUFA residues can serve as sources of potential signaling
molecules. 
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TABLE 2 
Efficacy of PKC Activation of Various DAGa

PKC activity

DAG molecular species Histone Myelin basic protein

nmol/mg protein (%)

18:0/20:4(AA) 13.5 ± 1.3 (100) 37.0 ± 3.0 (100)
18:0/20:3(SciA) 12.5 ± 0.5 (93) 35.8 ± 2.0 (97)
18:0/20:4(JA) 12.7 ± 1.4 (94) 34.7 ± 2.8 (94)
18:0/20:5 11.1 ± 0.5b (82) 30.7 ± 2.8b (83)
18:1/18:1 10.8 ± 0.7b (80) 35.8 ± 2.6 (97)
18:0/18:2 11.6 ± 0.5b (86) 25.3 ± 1.7b (68)
16:0/18:1 9.3 ± 0.9b (69) 28.1 ± 1.9b (76)
16:0/18:2 9.0 ± 0.7b (67) 28.9 ± 1.4b (78)
16:0/20:4(AA) 10.3 ± 0.7b (76) 28.8 ± 1.6b (78)
aProtein kinase C (PKC) assay was conducted in the presence of CaCl2 (1 µM), PS (12.5 µM), DAG
(3.1 µM), and calf thymus histone (25 µg/0.05 mL) or bovine brain myelin basic protein (25 µg/0.05
mL) as described in the Materials and Methods section. The partially purified PKC fraction from rat
brain (3 and 1.5 µg protein/0.05 mL) was used for the experiments with histone and myelin basic
protein, respectively. Data are expressed as nmol per 5 min per mg protein, means ± SD, from three
to ten independent assays. Values in parentheses are the percentage of PKC activity with 1-stearoyl-
2-arachidonoyl-glycerol. For abbreviations see Table 1. 
bSignificantly different from 1-stearoyl-2-arachidonoyl-glycerol using Student’s t-test, P < 0.001.

FIG. 3. Characterization of protein kinase C (PKC) fraction obtained
from rat brain cytosol. The PKC fraction was prepared from rat brain cy-
tosol by DEAE ion-exchange column chromatography. PKC activity was
measured using the fraction (3 µg protein/0.05 mL) with the highest PKC
activity in the presence of 12.5 µM PS, 1 µM CaCl2 and various con-
centrations of 1-stearoyl-2-arachidonoyl-G (A), or in the presence of
1.55 µM 1-stearoyl-2-arachidonoyl-G, 1 µM CaCl2, and various con-
centrations of PS (B). In both experiments, calf thymus histone (25
µg/0.05 mL) was used as the PKC substrate. Data are expressed as nmol
per 5 min per mg protein, means ± SD, from experiments performed in
duplicate. For other abbreviation see Figure 1. 
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ABSTRACT: Decreased serum adiponectin is associated with
dyslipidemia. However, serum adiponectin status has never before
been studied in patients with familial-related severe primary hyper-
cholesterolemia (FRSPH). The aim of this study is to measure serum
adiponectin level in a group of young patients with FRSPH and de-
termine its correlation with insulin-resistant status. Twenty-three
patients with FRSPH [average LDL-cholesterol (LDL-C) = 250.8
(190–610) mg/dL] without clinical manifestations of metabolic syn-
drome as well as 46 healthy (control) adolescents and young adults
(<30 yr old) were included. The serum adiponectin, fasting sugar,
insulin, lipids, systolic and diastolic blood pressure (SBP and DBP),
and anthropometrical indices such as body mass index and waist
circumference were obtained. The homeostasis model assessment
(HOMA) was calculated to estimate the insulin resistant status.
Compared with healthy controls, patients with FRSPH had a signif-
icantly lower mean serum adiponectin level (7.7 ± 1.8 µg/mL vs.
10.1 ± 4.3 µg/mL, P = 0.013). After adjustment for HOMA and as-
sociated covariates, multiple linear regression analysis showed that
patients with FRSPH are significantly associated with hypoad-
iponectinemia. Compared with healthy controls, patients with
FRSPH had a significantly lower mean serum adiponectin level (7.7
± 1.8 µg/mL vs. 10.1 ± 4.3 µg/mL, P = 0.013). After adjustment for
HOMA and associated covariates, multiple linear regression analy-
sis showed that patients with FRSPH are significantly associated
with hypoadiponectinemia. The serum adiponectin levels are
lower in young patients with FRSPH without clinical manifestations
of metabolic syndrome. The mechanism of hypoadiponectinemia
in patients with FRSPH is probably independent of insulin resis-
tance.

Paper no. L9652 in Lipids 40, 163–167 (February 2005).

Adipose tissue is now known not to be simply an inert storage
depot for lipids but rather an important endocrine organ that
plays a key role for the control of energy homeostasis through
secretion of a variety of hormones and cytokines called

adipocytokines (1). Adiponectin, an adipocytokine that is abun-
dantly expressed in adipose tissue, has been associated with
systemic insulin sensitivity both in vivo and in vitro (2–4). Clin-
ical observations also have shown that serum adiponectin is re-
duced in patients with obesity, type 2 diabetes, coronary artery
diseases (CHD), and hypertension (5–7), and all of them are
closely related to insulin resistance. 

In addition to hypertension and diabetes mellitus (DM), dys-
lipidemia was closely related to decreased serum adiponectin
(6,8). Hotta et al. (6) observed a significant negative correlation
between serum adiponectin and TG levels and a positive corre-
lation between adiponectin and HDL-cholesterol (HDL-C) lev-
els in type 2 DM (6). Matsubara et al. (8) extended this finding
by demonstrating similar correlations in nondiabetic female sub-
jects. The mechanism underlying the observed close association
may be attributable to insulin resistance and/or hyperinsulinemia
(2–4,8), a main component of metabolic syndrome. One pro-
posed mechanism is that adiponectin decreases circulating FFA
by increasing FA oxidation muscle (2,9). This results in de-
creased TG content in muscle, which has been associated with
improved insulin sensitivity (10). In addition, liver FFA influx
also is decreased in the presence of adiponectin, which might
lead to decreased hepatic TG content and improve hepatic in-
sulin sensitivity and reduce glucose output (2). 

Familial-related severe primary hypercholesterolemia
(FRSPH) is associated with excessive cardiovascular mortality
and morbidity (11). Recently, it has been demonstrated that de-
creased plasma adiponectin levels are associated with CHD and
with CHD risk (6,12). It is of great interest to measure the
adiponectin levels in this population. Because older patients
often have unhealthy physical conditions that are closely re-
lated to insulin resistance, such as hypertension, obesity, and
diabetes, we tested the hypothesis of decreased adiponectin lev-
els in a group of young patients with FRSPH and without co-
morbidities of metabolic syndrome. The aim of this study is to
compare serum adiponectin level in young patients with
FRSPH and matched healthy controls and to determine its cor-
relation with insulin-resistant status and lipid profile. 

SUBJECTS AND METHODS

Subjects. We studied a total of 23 FRSPH adolescents and
young adults (<30 yr old) who were recruited for familial
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hypercholesterolemia screening (FH) during 2002 at the lipid
clinic of National Taiwan University Hospital. These patients
were diagnosed to have FRSPH on the basis of having LDL-
cholesterol (LDL-C) levels in themselves and in two or more
first-degree relatives that were above 190 mg/dL and/or the
presence of tendinous xanthomas within the kindred. Subjects
having serum levels of HDL-C and TG in the normal range,
and subjects with any etiologies of secondary hyperlipidemia,
such as nephritic syndrome, obstructive liver disease, hy-
pothyroidism, DM, or use of drugs affecting lipid levels were
excluded. The genetic basis of FRSPH is heterogeneous and
is associated not only with a high number of different LDL
receptor gene mutations and other genetic abnormalities but
also with differences in frequencies of specific mutations be-
tween populations. Thus, in the absence of genetic confirma-
tion, we defined our study subjects as having FRSPH but as
not having FH. However, about half of them had strong evi-
dence of pathognomonic stigmata, namely, tuberous xan-
thoma or tendinous xanthoma of FH, and their LDL-C levels
all were above 95th percentile for sex and age. Another age-
and gender-matched 57 healthy controls, whose LDL-C lev-
els were <130 mg/dL, were recruited from the healthy exami-
nation. Subjects with a history of hypertension, DM, and car-
diovascular diseases or with serum creatinine over 1.5 mg/dl,
serum TG over 150 mg/dL, resting blood pressure (BP) at or
above 130/85 mmHg, or fasting plasma sugar over 110 mg/dL
were excluded in this study. All subjects received a detailed
medical history review and physical examination. Subjects’
weight and height as well as their waist circumference (WC)
were also obtained. The body mass index (BMI) was calcu-
lated by dividing the weight in kilograms by the square of the
height in meters. The systolic BP (SBP) and diastolic BP
(DBP) readings were recorded to the nearest 2 mmHg as the
mean of two measurements by mercury sphygmomanometer
with the subjects seated.

Serum markers. A venous blood sample was taken from
subjects after an overnight fast of 12 h for measuring plasma
glucose, insulin, TG, total cholesterol, LDL-C, and HDL-C by
an autoanalyzer (Hitachi 7250 Special; Hitachi, Tokyo, Japan).
Serum insulin level was measured by using a Microparticle En-
zyme immunoassay (AxSYM Insulin; Abbott Diagnostic Divi-
sion, Tokyo, Japan), and the insulin resistance index derived
by homeostasis model assessment (HOMA) was as previously
described (13). Serum high sensitive C-reactive protein (hs-
CRP) and adiponectin were measured by using a chemilumi-
nescent enzyme-labeled immunometric assay (Immulite C-Re-
active Protein; Diagnostic Products Co., Los Angeles, CA) and
a quantitative sandwich enzyme-linked immunoassay (Quan-
tikine Human Adiponectin/Acrp30 Immunoassay; R&D, Min-
neapolis, MN), respectively. The protocol was reviewed and
approved by the Ethical Committee of the National Taiwan
University Hospital and institutional review board. 

Statistics. Data were presented as means and SD, unless in-
dicated otherwise. Log transformation was performed for vari-
ables with significant deviation from normal distribution be-
fore further analyses. All statistical analyses were performed

using the SPSS/PC statistical program (version 10.0 for Win-
dows; SPSS, Inc., Chicago, IL). The continuous variables be-
tween patients and healthy controls were compared by Studen-
t’s t-test whereas the category parameters were by Mann–Whit-
ney U test. The correlations between the adiponectin level and
other variables were tested by Pearson’s correlation. Multiple
linear regression models were performed using serum
adiponectin levels as the dependent variable and using age,
gender, BMI, WC residuals (after adjustment for BMI),
HOMA, mean BP, TG, and HDL-C as independent variables.
Adjusted R2 values were used to estimate the variance ex-
plained in each model. 

RESULTS

As shown in Table 1, the mean serum LDL-C level was 250.8
(190–610) mg/dL in FRSPH and 99.4 (30.0–130.0) mg/dL in
healthy controls. Patients with FRSPH had a significantly
lower mean serum adiponectin level compared with healthy
controls (7.7 ± 1.8 vs. 10.1 ± 4.13 µg/mL, P-value = 0.013).
Except for the serum TG levels (P = 0.048), we also found that
other demographic and clinical characteristics were not signifi-
cantly different between the two groups. For small study popu-
lations, we used several linear regression models to adjust po-
tential confounding factors. After the adjustment of other co-
variates (see Table 2), patients with FRSPH still had a sig-
nificantly lower mean serum adiponectin level. 

Correlation analysis between the serum adiponectin levels
and other covariates were performed in patients with FRSPH,
healthy controls, and total study populations. As demonstrated
in Table 3, the serum adiponectin levels generally were nega-
tively correlated with DBP, BMI, and the levels TG, hs-CRP,
and HOMA, and were positively associated with the serum
HDL-C levels, suggesting that within each group, factors con-
sidered to be part of metabolic syndrome were closely associ-
ated with serum adiponectin levels. 

DISCUSSION

The present study demonstrated that serum adiponectin is de-
creased in young patients with FRSPH and without clinical
manifestations of metabolic syndrome. Although the mecha-
nism responsible for hypoadiponectinemia in FRSPH is still
unclear, it indeed deserved further studies.

FH is a common autosomal dominant disorder in which
LDL clearance from the circulation is impaired. In the absence
of other causes of insulin resistance, patients with FH have
been shown to have normal fasting insulin levels and not to be
insulin resistant (14). Adiponectin has been negatively corre-
lated with serum TG and positively correlated with serum
HDL-C both in patients with dyslipidemia and in healthy ado-
lescents (6,8,15). Interestingly, our present study found that in
young FRSPH subjects with extreme serum LDL-C levels, the
serum adiponectin levels were lower regardless of the adjust-
ment of other insulin sensitivity markers. These observations
indicate that the correlation between hypercholesterolemia and
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hypoadiponectinemia may be mediated through a pathway that
is independent of insulin resistance. It is well known that cy-
tokines such as TNF-α and interleukin-6 can inhibit the secre-
tion of adiponectin from adipocytes (17–20). It is possible that
the cytokines elicited by extreme hypercholesterolemia
(21–23) may result in decreased adiponectin secretion in pa-
tients with FRSPH. 

Table 2 revealed a consistent negative association of FRSPH
with serum adiponectin levels after multiple linear regression
analysis in different models, which corroborated the current
hypothesis in this study. However, although both HDL-C and
TG were found to be associated with serum adiponectin levels
as in previous studies, we are the first to demonstrate the sig-
nificant negative association between FRSPH and serum
adiponectin levels. Thus, all the evidence and inferences should
be under careful scrutiny. 

In FH, early CHD is a complex trait that results from a
large monogenic component of susceptibility that is due to
extremely high levels of LDL-C (24). However, the mecha-

nism beyond LDL-C and the possible association with meta-
bolic trait of adiponectin have never been reported. The find-
ing of low adiponectin in these patients may have additive ef-
fects in increasing cardiovascular disease risk. In addition to
its metabolic effects, adiponectin was found to protect ves-
sels from damage through various mechanisms. It was
demonstrated that adiponectin could inhibit monocyte adhe-
sion to endothelial cells (25,26) and transformation of macro-
phages to foam cells (27). In one in vivo study, adiponectin-
deficient mice exhibited excessive vascular remodeling fol-
lowing acute injury (28). In another mouse atherosclerosis
model, enhanced adiponectin expression reduced atheroscle-
rotic changes (29). It was also demonstrated that adiponectin
directly stimulated the production of nitric oxide, an impor-
tant mediator that regulates vascular tone and function (30).
In one recent report, high plasma adiponectin concentrations
were associated with lower risk of myocardial infarction in
men, and this relationship could be only partly explained by
differences in blood lipids and was independent of inflammation
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TABLE 1 
Demographic and Clinical Characteristics of the Study Subjectsa

FRSPH Healthy controls
Variables n = 23 n = 46
LDL-C, mg/dL 250.8 (190–610) 99.4 (30.0–130) P

Age (yr) 19.7 ± 5.8 19.9 ± 4.7 0.868
Gender (male/female) 12/11 24/22 0.998
Body mass index (kg/m2) 20.3 ± 3.3 21.4 ± 3.9 0.246
Waist circumference (cm) 71.9 ± 9.9 73.7 ± 11.2 0.520
Systolic BP (mmHg) 105.4 ± 13.7 102.2 ± 13.8 0.368
Diastolic BP (mmHg) 67.1 ± 10.4 68.4 ± 9.8 0.624
Fasting glucose (mg/dL) 84.2 ± 7.1 86.0 ± 5.7 0.358
Fasting insulin (mU/L) 6.9 ± 3.8 7.9 ± 4.9 0.393
HOMA-IR 1.4 ± 0.8 1.7 ± 1.0 0.329
Cholesterol (mg/dL) 339.5 ± 101.1 179.6 ± 26.5 <0.001
HDL-C (mg/dL) 53.2 ± 7.2 54.9 ± 8.7 0.418
TG (mg/dL) 88.3 ± 26.5 74.8 ± 26.3 0.048
hs-CRP (mg/dL) 0.14 ± 0.32 0.16 ± 0.6 0.905
Adiponectin (mg/mL) 7.7 ± 1.8 10.1 ± 4.3 0.013
aAbbreviations: FRSPH, familial-related severe primary hypercholesterolemia; BP,  blood pressure; HOMA-IR, insulin resis-
tance index derived by homeostasis model assessment; HDL-C, HDL-cholesterol; LDL-C, LDL-cholesterol; hs-CRP, high-
sensitive C-reactive protein. 

TABLE 2
Multiple Linear Regression Models Showing Regression Coefficients and P-Value, Using Serum Adiponectin
Levels (log transformed) As the Dependent Variable, with Other Covariates As Independent Variablesa

Model 1 Model 2 Model 3 Model 4

Age (yr) −0.058 (0.618) −0.004 (0.975) −0.015 (0.906) 0.045 (0.263)
Gender 0.261 (0.038) 0.349 (0.006) 0.231 (0.082) 0.294 (0.033)
FRSPH −0.260 (0.035) −0.243 (0.035) −0.301 (0.015) −0.304 (0.015) 
Log-HDL-C 0.251 (0.046) 0.275 (0.024) 0.164 (0.218) 0.192 (0.151)
Log-TG −0.102 (0.445) −0.090 (0.461) −0.156 (0.216) −0.106 (0.432)
Log-HOMA −0.118 (0.343) 0.011 (0.937)
Mean BP −0.265 (0.035) −0.272 (0.056)
Log-BMI −0.178 (0.176) −0.096 (0.494)
Waist residuals 0.124 (0.315) 0.141 (0.254)
R2 0.160 0.210 0.180 0.206
aR2, adjusted R2 of the model. BMI, body mass index; for other abbreviations see Table 1.



and glycemic status (12). In addition to the standard lipid-
lowering medication, it is possible that agents or methods that
can increase serum adiponectin might help in inhibiting the
development of cardiovascular diseases. 
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ABSTRACT: Plant sterols, soy proteins, viscous fibers, and nuts
are advised for cholesterol reduction, but their combined effect
on plant sterol absorption has never been tested. We assessed
their combined action on serum sterols in hyperlipidemic sub-
jects who were following low-saturated fat diets before starting
the study and who returned to these diets post-test. The 1-mon
test (combination) diet was high in plant sterols (1 g/1,000 kcal),
soy protein (23 g/1,000 kcal), viscous fiber (9 g/1,000 kcal), and
almonds (14 g/1000 kcal). Fasting blood was obtained for serum
lipids and sterols, and erythrocytes were obtained for fragility
prior to and at 2-wk intervals during the study. The combination
diet raised serum campesterol concentrations by 50% and β-sitos-
terol by 27%, although these changes were not significant after
Bonferroni correction; near-maximal rises were found by the end
of the first week, but no change was found in red cell fragility de-
spite a 29% reduction in the LDL cholesterol level. No significant
associations were observed between changes in red cell fragility
and blood lipids or sterols. We conclude that plant sterols had a
minimal impact on serum sterol concentrations or red cell
fragility in hyperlipidemic subjects on diets that greatly reduced
their serum lipids. 

Paper no. L9398 in Lipids 40, 169–174 (February 2005). 

Plant sterols have been shown to lower serum LDL cholesterol
(1–3) by 8–12% in the absence of other dietary modifications
(e.g., vs. low-fat diets) in a meta-analysis by Law (4). Despite
broad acceptance of the safety of plant sterols by most Western
countries, concerns have been raised that absorption of plant
sterols may have adverse consequences, possibly by modifying
cell membrane fragility resulting from the displacement of cho-
lesterol (5). Few data are available from human studies concern-
ing the influence of dietary sterols on membrane fragility and
serum sterols, especially using diets that result in marked reduc-
tions in serum cholesterol levels (6,7). We therefore assessed the
effect on serum plant sterols of diets high in other cholesterol-
lowering dietary components. These components, which in-
cluded viscous fiber (8–11), soy protein (12,13), and almonds in

combination (dietary portfolio), have been shown to produce a
marked reduction in serum cholesterol (6,7). The specific objec-
tive was to assess whether a plant sterol-enriched diet, combined
with other agents known to reduce circulating cholesterol levels,
would result in a change in cell membrane fragility and circulat-
ing plant sterol and lipid concentrations in hyperlipidemic indi-
viduals.

EXPERIMENTAL PROCEDURES

Subjects. Thirteen subjects (7 men and 6 postmenopausal
women), aged (mean ± SE) 65 ± 3 yr (median 64 yr; range
43–84 yr); body mass index 25.6 ± 0.9 kg/m2 (median 26.1
kg/m2; range 20.6–30.7 kg/m2); baseline LDL cholesterol 4.22
± 0.11 mmol/L (median 4.27 mmol/L; range 3.51–4.99
mmol/L) were recruited from patients attending the Risk Fac-
tor Modification Center, St. Michael’s Hospital. All subjects
had taken part in previous dietary studies, were experienced in
following dietary protocols and previously had had raised LDL
cholesterol levels (>4.1 mmol/L) (14). At the time of the study,
5 subjects had raised LDL cholesterol levels, one subject had
raised TG levels (>2.30 mmol/L, range 0.7–5.1 mmol/L), 3
subjects had both raised LDL cholesterol and TG levels, one
subject had a low HDL cholesterol concentration (<0.9
mmol/L), and 3 subjects had blood lipids in the normal range
(14). None of the subjects had a history of diabetes, renal dis-
ease, or liver disease, and none were taking medications known
to influence serum lipids. One subject completed only 3 wk and
withdrew because of dyspepsia associated with a Helicobacter
pylori infection requiring antibiotic therapy.

Dietary advice on low-saturated fat (<7% dietary calories) and
low-cholesterol diets (<200 mg/d) had been reinforced on at least
two occasions over the previous year, and at entry to the study, 6
subjects had recorded diets with <7% (total energy) saturated fat
and 9 subjects had followed diets with <200 mg/d cholesterol.

Study protocol. Subjects were followed on their own low-
saturated fat therapeutic diets for 1 wk prior to the start of the
study, and for an additional 2 wk after the study on return to
their low-saturated fat therapeutic diets. During the middle 4
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wk, subjects followed a combination diet in which all foods
were provided with the exception of fresh fruit and most veg-
etables. Blood samples and body weights were obtained after
12-h overnight fasts at weekly intervals and at week 2 of the
washout. Seven-day weighed diet histories were obtained for
the week prior to and for 2 wk following the combination diet.
Completed menu checklists were returned at weekly intervals
during the 4-wk combination diet period. 

The study was approved by the Ethics Committee of the
University of Toronto and St. Michael’s Hospital, and informed
consent was obtained from the subjects.

Diets. Diets eaten before and after the 4-wk combination diet
were the subjects’ routine therapeutic low-fat diets, which ap-
proximated National Cholesterol Education Program Step 2
guidelines (<7% energy from saturated fat and <200 mg/d dietary
cholesterol) (Table 1) (14). Subjects were provided with self-tar-
ing electronic scales and asked to weigh all food items consumed
during the study period. During the combination diet period, all
foods consumed by the subjects were provided at weekly clinic
visits with the exception of fruit and low-calorie vegetables (i.e.,
non-starch-containing vegetables), which subjects were instructed
to obtain from their local stores. Subjects were provided with a 7-
d rotating menu plan, including specified fruits and vegetables,
on which they checked off each item as it was eaten and con-
firmed the weight of the foods. The same menu plan was used for
all subjects but was modified to suit individual preferences, pro-
viding the goals for viscous fiber, soy protein, plant sterols, and
almond consumption were met. For ease of consumption, where
possible, items were prescribed in whole units.

The aim of the combination diet (dietary portfolio) was to
provide 1 g of plant sterols per 1,000 kcal as an enriched mar-
garine. The Unilever margarine contained approximately 46%
sitosterol, 26% campesterol, 19% stigmasterol, 2.7% brassi-
casterol, 1.3% sitostanol, 0.8% campestanol, and 0.8% avenas-
terol, with the remainder made up of various other plant sterols.
The Unilever margarine provided 12% plant sterol (w/w). Two

grams of plant sterol was contained in 25 g of margarine, for
82 kcal. In addition, the diet supplied 8.2 g of viscous fiber per
1,000 kcal from oats, barley, and psyllium and 22.7 g of soy
protein per 1,000 kcal as soy milk or meat analogs. Raw, un-
blanched almonds also provided vegetable protein (2.9 g/1,000
kcal). Emphasis was placed on eggplant and okra as additional
sources of viscous fiber (0.55 g/1,000 kcal and 0.67 g/1,000
kcal, respectively). Thus, 200 g of eggplant and 100 g of okra
were prescribed to be eaten on a 2,000-kcal diet each day. Diets
were provided at a targeted intake to maintain body weight
based on estimated caloric requirements (15).

Compliance was assessed from the completed weekly
checklists and from the return of uneaten food items.

Analyses. Serum lipid data were reported previously (6). All
samples were stored at –70°C prior to analysis. Sera for plant
sterol analysis were unavailable for one subject, and an addi-
tional 3 subjects were missing one or both week 1 and week 3
samples. As also mentioned earlier, one subject dropped out at
week 3. Plant sterols and cholesterol in serum and membrane
were measured by GLC (HP 5890 Series II; Hewlett-Packard,
Palo Alto, CA). Briefly, 5α-cholestane was added to each sam-
ple as an internal standard. Samples were saponified with 0.5 M
methanol-KOH for 1 h at 100°C, and sterols were extracted
using petroleum ether and injected into the gas–liquid chromato-
graph. The column temperature was 285°C. Isothermal running
conditions (oven temperature 285°C) were maintained for 42
min. The injector and detector were set at 300 and 310°C, re-
spectively. The carrier gas (helium) flow rate was 1.2 mL/min
with the inlet splitter set at 100:1. Individual plant sterols and
cholesterol were identified using authentic standards (Sigma-
Aldrich Canada Ltd., Oakville, Ontario). The CV in the plant
sterol measurement was 4% (16). Serum was analyzed accord-
ing to the Lipid Research Clinics’ protocol (17) for total choles-
terol, TG, and HDL cholesterol, after dextran sulfate–magne-
sium chloride precipitation (18). Levels of LDL cholesterol were
calculated (19). Serum apolipoprotein A-l and B were measured
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TABLE 1
Calculated Macronutrient Intakes (mean + SE) During the Run-in, Test, and Run-out Phases
of the Portfolio Study

Portfolio diet
Run-in (mean weeks Run-out
(n = 12) 2–4, n = 13) (week 6, n = 12)

Energy (kcal/d) 1,703 ± 120 1,999 ± 118 1,703 ± 104
Total protein (% of protein) 17.3 ± 0.8 22.4 ± 0.5 18.1 ± 0.8
Vegetable protein 48.7 ± 3.5 96.8 ± 0.2 39.1 ± 2.8

Available carbohydrate (% of energy) 52.9 ± 2.8 50.6 ± 0.6 58.2 ± 1.3
Total dietary fiber (g/1,000 kcal) 17.1 ± 1.9 30.7 ± 1.0 17.8 ± 1.8
Total fat (% of energy)a 28.3 ± 2.5 27.0 ± 0.8 22.7 ± 1.5
SFA 7.7 ± 0.7 4.3 ± 0.1 6.2 ± 0.7
MUFA 11.9 ± 1.6 11.8 ± 0.5 9.0 ± 0.7
PUFA 6.0 ± 0.4 9.9 ± 0.2 5.3 ± 0.5

Dietary cholesterol (mg/1,000 kcal) 99 ± 13 10 ± 3 79 ± 9
Alcohol (% of energy) 1.5 ± 0.5 0.2 ± 0.1 1.0 ± 0.4
Satiety (–3 to +3)b 1.3 ± 0.2 2.9 ± 0.2 1.3 ± 0.3
aSFA, saturated FA; MUFA, monounsaturated FA; PUFA, polyunsaturated FA.
bSatiety: −3, extreme hunger; +3, extremely full.



by nephelometry (20). All samples from a given individual wer-
analyzed in the same batch.

Red cell fragility was assessed on fresh red cells collected
in vacutainer tubes containing EDTA (Becton Dickinson, Mis-
sissauga, Ontario). Packed red cells (0.02 mL) were added to 2
mL unbuffered saline covering the range of sodium chloride
concentrations from 0.20 to 0.70 g/L in 0.05 g/L increments.
After 1 h, the cells were centrifuged at 1,000 × g at room tem-
perature for 5 min and the supernatant was read at 540 nm (21).
Data are presented as unadjusted O.D. readings and as adjusted
percentages of the maximum O.D. obtained for both tests com-
bined. The adjusted values were used to calculate the saline
concentration that corresponded to the 50% hemolysis value.
The p50 value for red cell hemolysis (50% hemolysis value)
was calculated, assuming a linear response between the two
consecutive O.D. readings spanning the half-point of the maxi-
mum hemolysis recorded for the subject. For each subject, the
maximum O.D. (maximum hemolysis) obtained from both
tests combined represented the 100% hemolysis value for that
subject. Preliminary data on red cell fragility expressed as 50%
hemolysis were reported previously (6).

Diets were analyzed using a program based on USDA data
(22) with additional data on foods analyzed in the laboratory for
protein, total fat, and dietary fiber using AOAC methods (23).
FA were analyzed by GLC (24). Additional dietary fiber values
were obtained from the tables of Anderson and Bridges (25). 

Statistical analysis. The results were expressed as means ±
SE. The significance of the differences between the pretreat-
ment diet, combination diet, and post-treatment diet was as-
sessed by the least squares means test with the Tukey–Kramer
adjustment for multiplicity of simultaneous comparisons
(PROC MIXED/SAS 8.2) (26). The model used had the treat-
ment value as the response variable and the week and interac-
tion term diet by sex as main effects and a random term corre-
sponding to subject nested within sex. Student’s paired t-test
(two-tailed) was used to assess the significance of the percent-
age change from pretreatment.

With the present subject numbers for red cell fragility, assum-
ing a SD of effect of 3.4%, a 3% difference could be detected as

significant (P < 0.05). Likewise, assuming a SD of effect of
0.015 g/100 mL, a difference of 0.013 g/100 mL should be de-
tected as significant. 

The concentration required to obtain 50% hemolysis was
determined assuming a linear response between consecutive
observations. For each subject, the maximal O.D. obtained
from both tests combined represented the 100% hemolysis
value for that subject. A Pearson correlation analysis was used
to assess relations between plant sterol measurements and other
measurements. A Bonferroni adjustment was also made to the
significance levels to allow for the multiple comparisons (26).
Six largely independent primary measures were recognized:
change in red cell fragility, serum campesterol and β-sitosterol,
and LDL cholesterol, HDL cholesterol, and TG.

RESULTS

Demographics and compliance. Throughout the period of ob-
servation, subjects tended to lose weight: [–0.10 ± 0.05 kg/wk
(P = 0.127) over the combination diet, and –0.2 ± 0.05 kg/wk
(P = 0.001) during the run-out phase]. In the majority of sub-
jects, compliance in terms of caloric intake was good, with 92.5
± 2.9% of the calories prescribed being consumed.

Serum plant sterols. Serum plant sterol concentrations
tended to increase over the 1-mon combination diet (Fig. 1).
Serum campesterol concentrations increased by 50 ± 15% from
baseline for weeks 2–4; the respective increase for serum sitos-
terol was 27 ± 14% (Table 2). For campesterol, the unadjusted
rise was significant (P = 0.007) but disappeared after Bonferroni
correction (P = 0.139). 

Serum lipids. Full details of the blood lipid responses were
reported previously (6). Significant reductions in blood lipids
were seen at the end of the combination diet compared with the
run-in and run-out periods (Table 2). From baseline, reductions
were seen in LDL cholesterol (29.0 ± 2.7%, P < 0.001),
apolipoprotein B (24.3 ± 2.0%, P < 0.001), and the total/HDL
cholesterol ratio (19.8 ± 2.9%, P = 0.004). 

Red cell fragility. No significant difference was seen in red
cell fragility between the pretreatment and week 4 of the com-
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FIG. 1. Mean plasma values for campesterol and sitosterol over 6 wk in 7 subjects. (hatched bar) Administration pe-
riod of sterols. Plant sterol data were unavailable for one subject, an additional subject dropped out prior to the
week 4 sample, and 3 subjects were lacking one or both week 1 and week 3 samples.



bination diet (saline concentration for 50% hemolysis, 0.436 ±
0.007 g/100 mL vs. 0.441 ± 0.006 g/100 mL, P = 0.223, unad-
justed, P = 0.734 adjusted). No significant differences between
mean pre- and postcombination diet values were seen at any
time point when expressed as unadjusted O.D. readings at 540
nm (Fig. 2A) or as percent hemolysis, where the highest O.D.
value for each individual was taken as 100% for that individual
(Fig. 2B). 

Relation of plant sterols to other measurements. No signifi-
cant associations were seen between change in serum sterols
and red cell fragility (serum campesterol, r = –0.09, P = 0.803;
sitosterol r = 0.12, P = 0.717). The negative values indicate the
tendency of a reduced fragility (reduced saline concentration
for hemolysis) with increasing plant sterols, although no asso-
ciations were significant.

For serum sterols, an association was seen at baseline be-
tween plasma sitosterol and total cholesterol (r = 0.72, P =
0.008), LDL cholesterol (r = 0.83, P = 0.001), and apolipopro-
tein B (r = 0.91, P < 0.001). No relation was seen between
changes in serum sterols and blood lipids.

DISCUSSION

Supplementation with plant sterols in a diet that also contained
high levels of viscous fibers, soy protein, and almonds pro-
duced large reductions in serum lipids but was associated with
only relatively small increases in plasma sterol concentrations.
There has been concern that significant increases in plasma
sterols may result in modification of membrane lipids with the
exclusion of cholesterol and that this change would increase
membrane fragility (5). The present data indicate that the small
changes in serum lipids do not relate significantly to red cell
osmotic fragility. 

The absence of effect on red cell fragility indices examined
opposes recent findings in rats suggesting that diets high in
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TABLE 2
Blood Lipidsa and Apolipoproteins at Baseline and on the Combination Diet

Baseline Mean treatmentb

(week 0) (weeks 2–4) Pc

Cholesterold (mmol/L)
Total-C 6.46 ± 0.21 5.01 ± 0.20 <0.001
LDL-C 4.22 ± 0.11 3.01 ± 0.17 <0.001
HDL-C 1.37 ± 0.11 1.34 ± 0.11 0.992

TGd (mmol/L) 1.92 ± 0.35 1.45 ± 0.18 0.984
Apolipoproteinse (g/L)
ApoA-1 1.70 ± 0.07 1.61 ± 0.08 0.334
ApoB 1.32 ± 0.05 1.01 ± 0.05 <0.001

Ratios
Total-C/HDL-C 5.06 ± 0.41 4.00 ± 0.30 0.004
LDL-C/HDL-C 3.31 ± 0.26 2.45 ± 0.24 <0.001
ApoB/apoA-1 0.80 ± 0.05 0.64 ± 0.05 0.004

aBlood lipid results have been published in full elsewhere (6). Total-C, total cholesterol; LDL-C, LDL
cholesterol; HDL-C, HDL cholesterol.
bTreatment values represent the mean of weeks 2, 3, and 4.
cP values after Bonferroni correction.
dTo convert cholesterol and TG to mg/dL, multiply by 38.67 and 88.57, respectively.
eTo convert apolipoprotein A-1 and B values to mg/dL, multiply by 100.

FIG. 2. (A) Osmotic fragility of red blood cells from subjects at baseline
(week 0) and week 4 of the combination diet after 6 h of exposure to
varying saline concentrations. Data are presented as unadjusted O.D.
readings. (B) Osmotic fragility of red blood cells from subjects at base-
line (week 0) and week 4 of the combination diet after 6 h of exposure
to varying saline concentrations. Data are presented as the percentage
of hemolysis, with the maximal O.D. reading obtained for each subject
representing 100% hemolysis. 



plant sterols may increase the predisposition to hemorrhagic
events (5). Clearly, more effort is required to define the real risk
of hemorrhagic sequelae in the use of plant sterols as choles-
terol-lowering agents at the levels provided in functional foods.

Components used in this combination diet were based on
the hypothesis that during the course of human evolution, the
diet was likely to have been high in vegetable proteins, dietary
fiber, and plant sterols. All these components have now been
recognized to lower serum cholesterol (1–3,8–13, 27, 28). Veg-
etable protein as soy (13), viscous dietary fiber, oats (27), psyl-
lium (10), and, most recently, plant sterols (4) have received
FDA approval for health claims for coronary heart disease risk
reduction. These components, together with almonds (29,30),
which may combine several cholesterol-lowering components,
were the focus of the present diet.

In a previous study an attempt was made to reconstruct diets
that may have been eaten at an earlier stage in human evolu-
tion by using plant foods readily available in the supermarket
(31). The plant sterol intake on this “Myocene,” or 4–7 million-
year-old, diet was 1 g/d for men, indicating that historically
high plant sterol intakes may have been associated with diets
high in fiber and vegetable protein (31). The cholesterol lower-
ing achieved with this evolutionary model diet was of a magni-
tude similar to that seen in the present study, in which the diet
was high in the same active ingredients. 

It is possible that almonds and viscous fiber in the present
diet may have protective effects on red cell fragility and that
adverse effects of plant sterols may have been masked. How-
ever, there are no data on the effects of nuts or viscous fiber on
red cell fragility. Equally, it could be argued that nuts, which
are good sources of plant sterols, might be expected to add to
any adverse effect of the sterol margarine if such existed and
that this might be compounded by viscous fiber, which further
reduces serum cholesterol levels, possibly increasing the stiff-
ness of the membrane and increasing the risk of hemolysis.
Nevertheless, these points are purely speculative since no sig-
nificant change in hemolysis was observed.

It is also possible that 4 wk was not long enough to demon-
strate more subtle changes in red cell hemolysis since the red
cell half-life in humans is 25–35 d for a mean life span of 120
d (32). In the rat the red cell half-life is of the order of 19 d with
a life span of 60 d (33). In this situation, 1-mon studies might
be more appropriate; however, this was the time frame used in
rat studies that showed increased hemolysis with plant sterols
by 4–5% (5). Based on studies of spontaneously hypertensive
rats (5), it has been suggested that increased plant sterol in-
takes, especially from canola oil, may increase the risk of hem-
orrhagic stroke (5). This effect is thought to be due to increased
cell membrane fragility (5,21) secondary to displacement of
cholesterol by plant sterols in the membrane. However, the
similar survival of olive oil-fed and corn-oil fed spontaneously
hypertensive rats leaves questions remaining as to the role of
phytosterol intakes in this process. Also, we found no relation
between serum plant sterol levels and red cell osmotic fragility.
A good relation, however, has been observed between plasma
and membrane plant sterols in a study involving hypercholes-

terolemic children (34). Furthermore, there was no significant
association between the change in concentration of plasma
sterols and red cell fragility, although our subject numbers are
small. These data add support to the general acceptance of plant
sterol-enriched margarine for use by the public. An additional
reason why the present study demonstrated no difference in red
cell fragility may relate to the lack of sensitivity of the test it-
self. Pre-incubated erythrocytes are more sensitive indicators
of red cell fragility than fresh erythrocytes, especially in situa-
tions of pathologically increased fragility (35). However, the
rat studies demonstrating the ill effects of plant sterols did not
use pre-incubated cells. Our study therefore endeavored to use
the same type of analysis to allow direct comparison. 

Were plant sterol consumption to be restricted, then the
guidelines promoting increased intakes of fruit, vegetables,
whole-grain cereals, legumes, and unhydrogenated vegetable
oils would need to be revised. Such diets deliver appreciable
amounts of plant sterols, and it could be argued that, from the
evolutionary perspective, these are the diets to which we have
adapted in the context of high-fiber, vegetable protein, and
plant sterol intakes. The lack of these plant food components
results in unacceptable levels of serum cholesterol that will
qualify a significant proportion of the adult population for cho-
lesterol-lowering medications (14).

In conclusion, high plant sterol intakes in the context of
high-fiber vegetable protein diets have only a small effect on
serum plant sterol concentrations despite large reductions in
serum lipids. Moreover, high plant sterol-containing diets do
not alter red cell fragility, a finding that should be examined
further, given the recently reported promotion of hemorrhagic
events by plant sterols in rats. 
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ABSTRACT: The aim of this study was to assess the efficacy of a
novel water-soluble phytostanol analog, disodium ascorbyl phy-
tostanyl phosphates (DAPP), on plasma lipid levels and red blood
cell fragility in hamsters fed atherogenic diets. For 5 wk, 50 male
Golden Syrian hamsters were fed a semipurified diet without added
cholesterol (noncholesterol, group 1), or a semipurified diet with
0.25% cholesterol (cholesterol-control, group 2). Groups 3–5 were
fed the cholesterol-control diet with an addition of 1% phytostanols
(diet 3), 0.71% DAPP (DAPP 0.7%, diet 4), or 1.43% DAPP (DAPP
1.4%, diet 5). Diets 4 and 5 provided 0.5 and 1% phytostanols, re-
spectively. Supplementation of 0.71 and 1.43% DAPP decreased
plasma total cholesterol concentrations by 34 (P < 0.001) and 46%
(P < 0.001), respectively, in comparison with the cholesterol-control
group, whereas free stanols reduced (P = 0.007) plasma cholesterol
concentrations by 14%. Similarly, non-HDL-cholesterol concentra-
tions were reduced by 39 (P < 0.001) and 54% (P < 0.001) in ham-
sters supplemented with DAPP 0.7% and DAPP 1.4%, respectively,
relative to the cholesterol-control group. The hypocholesterolemic
effect of DAPP 1.4% was threefold stronger than that of free stanols.
In hamsters supplemented with DAPP 1.4%, plasma TG concentra-
tions were 45% lower (P = 0.018) than in cholesterol-control-fed
hamsters, whereas no such beneficial effect was observed in the free
stanol group. Erythrocyte fragility was unaffected by DAPP or free
phytostanols. Results of the current study demonstrate that DAPP
lowers cholesterol more efficiently than free stanols, without an ad-
verse effect on erythrocyte fragility in hamsters.

Paper no. L9517 in Lipids 40, 175–180 (February 2005).

The cholesterol-lowering effects of plant sterols have been well
established (1–4). Meta-analyses have shown that dietary sup-
plementation of plant sterols can reduce plasma LDL choles-
terol levels by 8–12% in humans (4,5). The cholesterol-lower-
ing effects of plant sterols reportedly result from the inhibition
of dietary cholesterol absorption and biliary cholesterol reab-
sorption by inhibiting cholesterol incorporation into micelles
in the intestine (2,6–8). 

Through the process of hydrogenation, plant sterols are con-
verted to plant stanols (also called phytostanols), which are ab-

sorbed at a negligible level (9,10). Based on previous data in
animal and human studies, free plant stanols are believed to be
more effective than free sterols in lowering plasma cholesterol
(9–17). Esterification of free plant sterols and stanols with fat-
soluble compounds, such as FA, increases their fat solubility.
Several studies have demonstrated that the esterification of
plant sterols with long-chain FA increases fat solubility, result-
ing in an increased suspension of plant sterols in the dietary fats
or oils (5,8,18). In addition, some human trials comparing plant
sterol esters with plant stanol esters have demonstrated that
sterol esters and stanol esters appear to be roughly equivalent
in their cholesterol-lowering efficacy (6,7,19–21). Progres-
sively, the solubility and physical state of plant sterols and
stanols appear to be determining factors in their cholesterol-
lowering efficiency (22).

More recently, a water-soluble analog of phytostanols, dis-
odium ascorbyl phytostanyl phosphates (DAPP), was devel-
oped through chemical modifications (23,24). DAPP were pro-
duced by covalently linking ascorbate to the sn-3 position of
the phytostanol via a phosphodiester bond. The two major
components of DAPP are disodium ascorbyl campestanyl
phosphate and disodium ascorbyl sitostanyl phosphate. Results
from a study in apolipoprotein E knockout mice showed that
DAPP was more efficient in lowering cholesterol than the un-
esterified stanols (24). However, there have been no compara-
tive studies on the effects of DAPP and unesterified stanols in
wild-type animal models in which circulating cholesterol lev-
els are increased by feeding atherogenic diets.

The ingestion of plant sterols is associated with increased
plant sterol levels in red blood cell (RBC) membranes (25). Stud-
ies in hyperlipidemic, otherwise healthy individuals have shown
no detrimental effect of plant sterols on RBC fragility in humans
(25–27). However, a recent animal study suggested that plant
sterols may decrease RBC deformability and life span in sponta-
neously hypertensive rats (28), raising the question of whether
dietary supplementation with plant sterols or stanols is safe.
Therefore, the present study was undertaken to compare the cho-
lesterol-lowering efficacy of a water-soluble stanol analog
(DAPP) and its parent compound, free stanols, and to determine
their impacts on RBC fragility in hamsters fed atherogenic diets.

MATERIALS AND METHODS

Animals and diets. Fifty male Golden Syrian hamsters weigh-
ing 90–110 g (Charles River Laboratories, Montréal, Québec,
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Canada) were randomly divided into 5 groups. Animals were
housed individually in stainless-steel colony cages with a 12 h
(light)/12 h (dark) light cycle. The room temperature was set at
20 ± 1°C. After a 2-wk acclimatization period on the regular
rodent chow (Charles River Laboratories), animals were ran-
domly assigned into 5 groups and fed experimental diets for 5
wk. Groups 1 and 2 were fed a semipurified diet without cho-
lesterol (noncholesterol) and with 0.25% cholesterol (choles-
terol-control), respectively. Groups 3–5 were fed the choles-
terol-control diet, with an addition of 1% (w/w) of unesterified
phytostanol (stanol), 0.71% of DAPP (DAPP 0.7%), or 1.43%
of DAPP (DAPP 1.4%), respectively. Diets DAPP 0.7% and
DAPP 1.4% were designed to provide 0.5% and 1% of free
phytostanols (parent phytostanols), respectively, based on the
M.W. of the phytostanols and DAPP. DAPP contained 65%
(w/w) sitostanol and 35% campestanol. Unesterified phy-
tostanols and DAPP were provided by Forbes Medi-Tech Inc.
(Vancouver, British Columbia, Canada). All diets contained 5%
fat provided in the form of a mix of beef tallow and safflower
oil to yield a polyunsaturated to saturated FA ratio of 0.4. 

The compositions of the diets are presented in Table 1. The
experiment was reviewed and approved by the Animal Care
and Research Ethics Committee of McGill University and was
conducted in accordance with the guidelines of the Canadian
Council on Animal Care.

Blood sample collection and plasma cholesterol analyses.
After 5 wk of feeding on the experimental diets, hamsters were
fasted overnight prior to anesthetization with halothane. Blood
samples were collected by decapitation into tubes containing
EDTA and placed on ice. Plasma and RBC were separated by
centrifugation at 350 × g rpm for 15 min. Plasma samples were
stored at −80°C until analyses. Plasma total, HDL, and non-
HDL cholesterol, as well as TG concentrations, were measured
in duplicate by enzymatic methods (Roche Diagnostics, Laval,
Québec, Canada) (29,30). HDL cholesterol was measured after
precipitation of apolipoprotein B containing lipoproteins with
dextran sulfate and magnesium chloride (31). Since the Friede-

wald equation (32) may not be applicable to hamsters, non-HDL
cholesterol was used instead of LDL cholesterol; this was calcu-
lated by subtracting HDL cholesterol from total cholesterol.

Measurement of RBC fragility. RBC fragility was measured
using fresh RBC collected in vacutainer tubes containing
EDTA. An aliquot of 0.2 mL RBC was added to 2 mL un-
buffered saline solution with a sodium chloride concentration
ranging from 0.20 to 0.60%. After 1 h, the cells were cen-
trifuged at 210 × g for 5 min at room temperature. The super-
natants were collected and measured for absorbance at 520 nm
(33). The saline concentration for 50% hemolysis was calcu-
lated and considered as the median osmotic fragility. The con-
centration required to obtain 50% hemolysis was determined
by assuming that a linear response existed between consecu-
tive observations.

Data analysis and statistics. Results are expressed as means
± SEM, and a P value of <0.05 was considered significant. Data
were subjected to an ANOVA using the general linear model
procedure of the Statistical Analysis System (SAS Institute,
Cary, NC) to determine the main treatment effects. When a sig-
nificant effect was detected, Duncan’s New Multiple Range test
was performed to identify differences among treatment groups.
The relationships between plasma cholesterol concentrations
and the median osmotic RBC fragility were tested using Pear-
son’s correlation coefficients.

RESULTS

Body weight and food consumption. No significant difference was
observed in final body weight among the treatment groups after 5
wk of feeding. However, hamsters fed DAPP 1.4% had relatively
lower final body weights compared with other groups, although
the difference was not statistically significant. Similarly, there
were no significant differences among the groups in average or
total food consumption during the 5-wk period.

Plasma lipid concentrations. Effects of the experimental diets
on plasma total, HDL, and non-HDL cholesterol levels are
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TABLE 1
Composition of Experimental Dietsa

DAPP DAPP
Diet (% w/w) Nonchol Chol-control Stanol 0.7% 1.4%

Casein 20.0 20.0 19.8 19.8 19.8
Cornstarch 28.0 28.0 27.7 27.7 27.7
Sucrose 36.3 36.0 35.6 35.6 35.6
Beef tallow/safflower oil 5.0 5.0 5.0 5.0 5.0
Cellulose 5.0 5.0 4.9 4.9 4.9
DL-Methionine 0.5 0.5 0.5 0.5 0.5
Mineral mixture 4 4 4 4 4
Vitamin mixture 1 1 1 1 1
Choline bitartrate 0.2 0.2 0.2 0.2 0.2
Butylated hydroxytoluene 0.02 0.02 0.02 0.02 0.02
Cholesterol — 0.25 0.25 0.25 0.25
Phytostanols — — 1.0 — —
DAPP — — — 0.71b 1.43b

aNonchol, control diet without added cholesterol; Chol-control, control diet with 0.25% added cho-
lesterol; Stanol, chol-control with 1% added phytostanols; DAPP (disodium ascorbyl phytostanyl
phosphates), chol-cholesterol with added DAPP.
bDAPP 0.7% and DAPP 1.4% contained 0.5 and 1.0% unesterified phytostanols, respectively.



shown in Figure 1. In hamsters fed DAPP 0.7%  and DAPP
1.4%, total cholesterol was reduced by 34 (P < 0.001) and 47%
(P < 0.001), respectively, in comparison with the cholesterol-
control group, and these values were similar to the noncholes-
terol group. Similarly, non-HDL cholesterol levels in hamsters
supplemented with DAPP 0.7% and DAPP 1.4% were 39 (P <
0.001) and 54% (P < 0.001) lower, respectively, than in those fed
the cholesterol-control diet. The stanol diet lowered (P = 0.007)

total cholesterol by 14% relative to the cholesterol-control diet.
HDL cholesterol levels were lower in the two DAPP (P < 0.001)
and stanol (P = 0.005) groups in comparison with the choles-
terol-control group, and the values were similar with the nonc-
holesterol group. However, changes in HDL cholesterol levels
after feeding the DAPP and stanol diets were not reflected by
changes in total cholesterol/HDL cholesterol and non-HDL cho-
lesterol/HDL cholesterol ratios, which were decreased in the
DAPP 1.4% group compared with the cholesterol-control (P =
0.028) and stanol groups (P = 0.006) (data not shown).

Effects of diet treatments on plasma TG concentrations are
shown in Table 2. Although the free stanol diet did not affect
plasma TG concentrations in comparison with the cholesterol-
control diet, DAPP 1.4% reduced TG concentrations by 45% (P
= 0.018) compared with the cholesterol-control group. Addition-
ally, plasma TG concentrations were decreased by 42 (P = 0.022)
and 49% (P = 0.004), respectively, in hamsters fed DAPP 0.7%
and DAPP 1.4% compared with hamsters fed the free stanol diet.

RBC fragility. The saline concentration associated with the
median osmotic fragility was (in %) 0.481 ± 0.004, 0.467 ±
0.007, 0.489 ± 0.007, 0.486 ± 0.005, and 0.478 ± 0.009 in
DAPP 0.7%, DAPP 1.4%, stanols, cholesterol-control, and
noncholesterol, respectively. There were no differences among
the treatment groups. Likewise, there was no significant differ-
ence in RBC fragility across the treatment groups at any saline
concentration (Fig. 2). Positive correlations were observed be-
tween the median osmotic fragility (%) and plasma total cho-
lesterol (mmol/L) (r = 0.44, P = 0.003) and non-HDL choles-
terol concentrations (r = 0.43, P = 0.004).

DISCUSSION 

This is the first study to show a more potent hypocholesterolemic
effect from DAPP compared with unesterified phytostanols in
non-gene-treated animals with diet-induced higher circulating
cholesterol levels. In hamsters fed DAPP, a strong cholesterol-
lowering effect was observed, which resulted in total and non-
HDL cholesterol levels similar to those observed in hamsters fed
the noncholesterol diet. The DAPP diet showed a stronger
hypocholesterolemic effect than the stanol diet, with a dose-de-
pendent response being observed. Similar to the current finding,
the cholesterol-lowering effect of DAPP on circulating choles-
terol levels has been reported in other animal studies. For exam-
ple, gerbils given 1 and 2% (w/w) DAPP in the diet, or 2 and 4%
DAPP in drinking water had decreased total and LDL choles-
terol levels (23,34). Recently, Lukic et al. (24) reported that in
comparison with the control diet, a 4-wk administration of DAPP
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FIG. 1. Effects of phytostanols and their water-soluble analogs on
plasma total cholesterol, non-HDL cholesterol, and HDL cholesterol
levels in hamsters. Data are expressed as means and SEM (n = 10). Bars
carrying different superscripts are significantly different (P < 0.05). Non-
chol, control diet without added cholesterol; Chol-control, control diet
with 0.25% added cholesterol; Stanol, chol-control with 1% added phy-
tostanols; DAPP 0.7%, chol-cholesterol with 0.71% added disodium
ascorbyl phytostanyl phosphates; DAPP 1.4%, chol-cholesterol with
1.43% added disodium ascorbyl phytostanyl phosphates.

TABLE 2
Effects of Phytostanols and Their Water-Soluble Analogs on Plasma TG Concentrations
in Hamstersa

Diet TG (mmol/L) Dietb TG (mmol/L)

Nonchol 4.50 ± 0.34a,b.c DAPP 0.7% 3.64 ± 0.46b,c

Chol-control 5.88 ± 0.66a,b DAPP 1.4% 3.23 ± 0.30c

Stanol 6.30 ± 0.96a

aValues are mean ± SEM (n = 10 per group). Values carrying different superscripts (a–c) are signifi-
cantly different (P < 0.05). For diet descriptions, see Table 1.



at a dose as low as 0.5% reduced total cholesterol concentrations
by approximately 75% in cholesterol-fed apolipoprotein E
knockout mice.

Inhibition of cholesterol absorption from the intestine is a
well-established mechanism through which plant sterols/
stanols lower plasma cholesterol concentrations (2,35–39).
DAPP has been shown to reduce cholesterol absorption in rats
in a dose-dependent manner (40). The current study showed a
stronger hypocholesterolemic effect from DAPP than from the
corresponding unesterified stanols, despite the same amount of
stanols being provided in the DAPP 1.4% and stanols groups.
The effects of the individual components of DAPP on circulat-
ing cholesterol levels were examined previously only in
apolipoprotein E-deficient mice (24). Those results indicated
that DAPP resulted in an extreme lowering of total cholesterol
concentrations in that model, whereas less favorable effects
were observed with a mixture of ascorbic acid and unesterified
stanols. Results of the present study, together with previous
ones, suggest that the esterification of stanols with ascorbic
acid is responsible for the increased hypocholesterolemic ef-
fect of DAPP relative to unesterified stanols. The present re-
sults also suggest that increasing the water solubility of plant
stanols could be an approach to reducing the effective dose of
plant sterols or stanols in lowering blood lipids. 

Currently, the mechanism of action of DAPP on cholesterol
absorption is not fully understood. A widely accepted explana-
tion is that sterols and stanols compete with cholesterol in the in-
testine during their incorporation into micelles and thus decrease
cholesterol uptake by enterocytes (40). In an in vitro study,
DAPP decreased cholesterol accumulation in Caco-2 cells, sug-
gesting that DAPP may modify some extracellular mechanisms
of cholesterol influx and efflux (41). Most recently, Wasan et al.
(42) observed that DAPP reduced the accumulation of choles-
terol in cultured rat small intestinal crypt cells and speculated
that DAPP might inhibit the interaction of cholesterol or choles-
terol micelles with the receptors of enterocytes or act as an an-
tagonist of cholesterol influx channels. Transporters of the ATP-
binding cassette (ABC) family appear to play important roles in
regulating cholesterol absorption and excretion (43,44). Support-

ive data were obtained by Berge et al. (45) that the increased ac-
cumulation of dietary cholesterol in subjects with autosomal re-
cessive disorder was caused by mutations in the adjacent region
of ABCG5 and ABCG8 genes. More studies are required to de-
fine the roles of ABCG5 and ABCG8 in the inhibition of choles-
terol absorption by plant sterols and stanols. 

A few studies have examined the potential TG-lowering ef-
fect of DAPP. When gerbils were given DAPP at concentration
of 4% dissolved in the drinking water for 8 wk, TG concentra-
tions were reduced compared with controls that did not receive
DAPP (34). However, this effect was not observed in another
study in which gerbils were fed 2% of DAPP for 4 wk (23). In
a study conducted in apolipoprotein E knockout mice, plasma
TG were reduced after feeding a 2% DAPP diet for 4 and 8 wk,
respectively, in comparison with the control group, whereas no
difference was observed after 12 wk (24). In the current study,
we observed that DAPP was effective at lower concentrations
in decreasing plasma TG levels compared with the cholesterol-
control diets, as well as the unesterified phytostanol diet,
whereas unesterified stanols showed no effect. In addition to
the DAPP 1.4% group, although not statistically significant, the
DAPP 0.7% group showed lower average TG levels in com-
parison with the noncholesterol-control group, implying the ex-
istence of a hypolipidemic effect of DAPP. The mechanisms
through which DAPP lowers plasma TG are currently un-
known. Further studies are required to verify the TG-lowering
actions of DAPP and to elucidate the underlying mechanisms.

It has been suggested that plant sterols/stanols may increase
the risk of hemorrhagic stroke, based on studies in stroke-prone
spontaneously hypertensive rats (SHRSP) (28,46). In these hy-
pertensive animals, when 0.2% (w/w) plant sterols were ad-
ministered in their diets, decreased erythrocyte deformability
was detected by using an ektacytometer, which can measure
relatively minor alterations in RBC membrane rigidity, internal
viscosity, and the ratio of surface area to volume (28). How-
ever, the osmotic fragility test detected no detrimental effects
in the present animal model even though a higher dose of plant
stanols (1%) was applied. Using the same method applied in
the present study, Jenkins et al. (26) reported no significant
changes in RBC fragility in humans after 4 wk of a low satu-
rated fat diet enriched with plant sterols, soy protein, and vis-
cous fibers. In addition, this research group illustrated constant
results on fragility in another recent study (27). Hendriks et al.
(25) reported that increased plant sterol concentrations in RBC
membrane after long-term (1-yr) consumption of a plant sterol
ester-enriched spread did not affect RBC deformability, which
was measured by a method similar to that described in the study
of SHRSP. Therefore, it is possible that the results obtained in
SHRSP cannot be readily extrapolated to healthy animals or to
other species. A significant decrease in the intestinal mRNA
expressions of ABCG5 and ABCG8, which are involved in the
selective transport of dietary sterols in the intestine, has been
reported in SHRSP compared with Wistar rats (47). Results of
this study suggest that the unfavorable effects on enterocytes
observed in the SHRSP following supplementation of plant
sterols are due to the increased absorption of plant sterols in
this species. The present data, obtained in hypercholes-
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FIG. 2. Effects of phytostanols and their water-soluble analogs on red
blood cell fragility in hamsters. Data are expressed as means and SEM
(n = 9, except the chol-control group, where n = 7). For diet descrip-
tions, see Figure 1.



terolemic, otherwise healthy animals, and the observations pre-
viously done in humans suggest that the use of plant stanols as
food-based cholesterol-lowering agents may not be associated
with an increased risk of hemorrhagic stroke for the general
population. However, more effort is warranted to evaluate the
risk of hemorrhagic sequelae with plant sterols or stanols used
at the levels provided in functional foods. The incubated
fragility test is one of the most sensitive measurements for de-
tecting subtle changes in fragility (48,49). Since the adverse ef-
fects of plant sterols and stanols on RBC fragility are small, the
incubated fragility test might be beneficial for detecting minor
changes induced by dietary manipulation.

In the present study, positive correlations have been observed
between the median osmotic fragility and plasma total choles-
terol and non-HDL cholesterol concentrations, indicating that
lowered plasma cholesterols have the potential to fortify RBC
membranes against osmotic stimulation. Replacement of a part
of the cholesterol with plant sterols in erythrocyte membranes
has been shown to cause adverse events on RBC deformability
and results in a decreased life span in spontaneously hyperten-
sive rats (28). In contrast, a recent study that provided 0.5% cho-
lesterol diets to Wistar rats suggested that erythrocytes become
more fragile in animals with high plasma cholesterol concentra-
tions; when cholesterol-lowering agents were added to the diet,
the fragility of the RBC was partially reversed (50). Correlations
observed in the present study between osmotic fragility and
plasma cholesterol levels appear to support the latter observa-
tion. Plant sterols have been reported to alter plasma cholesterols
as well as RBC cholesterol simultaneously in spontaneously hy-
pertensive rats (28,46). High plasma cholesterol has been
demonstrated to increase RBC fragility; therefore, plant sterols
may have positive effects on RBC fragility, since sterols lower
plasma cholesterol. However, plant sterols may also have unfa-
vorable effects on RBC deformability, since sterols lower RBC
cholesterol, which is essential for membrane integrity. In view of
the fact that plant sterols may have either beneficial or detrimen-
tal effects on RBC fragility, this may account for the differing re-
sults seen in previous studies (25–28). 

In conclusion, the results of the present study demonstrate
that the esterification of plant stanols with a water-soluble com-
pound, such as ascorbic acid, increases their cholesterol-lower-
ing efficacy in hamsters fed atherogenic diets. DAPP could
therefore offer a more efficient treatment alternative to hyperc-
holesterolemic subjects than the other existing forms such as
stanol esters with FA and free stanols. The findings of the cur-
rent study also suggest that ascorbyl phytostanyl phosphate has
potential for treating hypertriglyceridemia. The absence of a
detrimental effect of DAPP on RBC fragility indicates that di-
etary supplementation with DAPP at the dose used in the cur-
rent study may not be a trigger of plant sterol-induced adverse
events on erythrocyte homeostasis.
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ABSTRACT: Despite clinical evidence of the cholesterol-lower-
ing effects of phytosterols, the exact mechanisms involved are still
unclear. Displacement of cholesterol by phytosterols from mixed
micelles, which is due to their greater hydrophobicity, is one of
the hypotheses for the lumenal effects contributing to the reduc-
tion of intestinal cholesterol absorption. In this study a dynamic
in vitro lipolysis method was used to examine the solubilization
behavior of cholesterol and/or phytosterols during lipolysis to
probe the efficacy of cholesterol displacement from mixed mi-
celles by phytosterols. The effects of lipid chain length on sterol
solubilization were studied by using microcrystalline suspensions
containing 17% phytosterol or cholesterol, formulated in long-
chain TG (LCT) and medium-chain TG (MCT). When digesting
cholesterol suspended in LCT, the entire cholesterol dose was in-
corporated into the micellar phase. For the cholesterol formula-
tion suspended in MCT, 50.3% of the initial dose was recovered
in the micelles. Under the respective conditions, we observed
lower solubilization of phytosterols than of cholesterol (roughly
fourfold). Only 25% of the initial phytosterol dose was solubi-
lized from suspensions formulated with LCT, and 13% was solu-
bilized from MCT formulations. Co-administration of phytosterol
and cholesterol suspensions showed a significant reduction of
cholesterol solubilization, particularly when dosed in MCT, with
~25% of the cholesterol dose solubilized. Insignificant amounts
of cholesterol were displaced by phytosterols when cholesterol
was presolubilized in the mixed micelles. The results show that,
compared with LCT, mixed micelles containing MCT lipolysis
products have a reduced solubilizing capacity for cholesterol,
which adds to the effectiveness of the phytosterols in displacing
cholesterol. This suggests potential benefits of using medium
chain length lipids in cholesterol-lowering phytosterol products.

Paper no. L9616 in Lipids 40, 181–190 (February 2005).

Since the early 1950s, the cholesterol-lowering properties of
phytosterols in humans have been known (1). In plants, sterols
are always present as a mixture, and they have the same func-

tion as cholesterol in animals: They are essential components
of cell membranes (2,3). When consumed at a level of 1–3 g/d,
an LDL cholesterol-lowering effect of up to 10% can be
achieved (4,5). Thus, today phytosterols are incorporated into
a wide variety of food products, referred to as functional foods.
The intake of phytosterols from natural sources in the Western
diet is at levels of approximately 100–500 mg/d (6–8).

Cholesterol enters the intestinal tract from two major
sources, typically two-thirds from biliary secretion and one-
third from dietary sources (9,10). Phytosterols are structurally
related to cholesterol but differ from cholesterol only in their
unsaturation level and/or side-chain configuration. However,
less than 2% of the ingested phytosterols are absorbed in hu-
mans and other mammals, considerably less than the absorp-
tion of cholesterol, which can be up to 60% (11). Furthermore,
the amount of absorption varies among the individual phytos-
terols depending on both the sterol nucleus and the length of
the side chain (7,12). The most prevalent phytosterol, sitosterol,
has an absorption value of 0.5%, whereas sitostanol, without
the double bond in the sterol nucleus, has the lowest value, at
0.04% (11). 

Although phytosterols are absorbed less efficiently than
cholesterol, their lumenal processing is similar to that of cho-
lesterol and is intimately connected to the overall process of
lipid digestion (e.g., 134). Because of the hydrophobicity of
phytosterols, solubilization into intestinal mixed micelles is a
prerequisite for reaching the site of absorption, the extent of
which is greatly enhanced in the presence of products of TG
digestion (MG and FA) (13,15). As a result of micellar solubi-
lization, the diffusion of sterols is improved through the un-
stirred water layer at the intestinal brush border.

Presently, the cholesterol-lowering effects of phytosterols
are attributed to both luminal- and enterocyte-based processes,
but their exact mechanisms, relative extent, and importance
still need further investigation. Recent findings link cholesterol
absorption to active influx and efflux sterol transporters in the
enterocytes, whereas the lumenal effects of phytosterols have
mainly been based on their greater hydrophobicity, which im-
parts a greater affinity for mixed micelles during fat digestion
(7,16,17). Thus, they may displace dietary and intestinal cho-
lesterol from the micelles, thereby reducing the solubilization
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of intestinal cholesterol. Some evidence of the exclusion of
cholesterol from mixed micelles has been presented in a static
(nondigesting) solubilization study utilizing mixed micelles
composed of bile salts (BS), phospholipids (PL), and long-
chain MG and FA (18). However, no studies incorporating the
lipolysis process or the effect of lipid chain length have previ-
ously been published.

For lipophilic or hydrophobic drugs, improved oral absorp-
tion after postprandial administration or when formulated with
lipids is mainly attributed to the increased solubilizing capacity
of the intestinal BS/PL mixed micelles afforded by the incor-
poration of lipolysis products (MG and FA) and/or lipidic ex-
cipients (19–21). Similar to the sterols, solubilization of poorly
water-soluble drugs into intestinal mixed micelles will greatly
facilitate their transfer to the site of absorption. The mechanis-
tic aspects of drug solubilization during lipolysis have been ex-
amined in several recent studies using an in vitro digestion
method, which incorporates the dynamics of the lipolysis
process. Although a simplification of the in vivo situation, the
in vitro method has shown its usefulness in predicting the rela-
tive effectiveness of different lipid formulations in vivo
(22–25). One of the major findings of these studies, as well as
accompanying studies on the solubilizing capacity of colloidal
species produced (26), was the understanding that medium
chain length (C8–C10) lipids may be less suitable for co-admin-
istration with highly lipophilic drugs since the MG and FA pro-
duced thereof form smaller mixed micelles compared with
lipids of longer chain lengths (C14–C18), thereby having lower
solubilizing capacity and providing reduced benefits for oral
absorption. 

In the current study, the dynamic in vitro digestion method
was used to examine the solubilization behavior of cholesterol
and/or phytosterols during lipolysis to probe the efficacy of
cholesterol displacement from mixed micelles by phytosterols.
The effects of lipid chain length on the solubilization capacity
and displacement of cholesterol were studied by using sterol
suspensions formulated in long-chain TG (LCT) or medium-
chain TG (MCT). To use formulations with relevance in vivo,
the suspensions were prepared according to the method previ-
ously developed to produce a cholesterol-lowering microcrys-
talline phytosterol suspension in oil (27,28). This suspension,

formulated in rapeseed oil, has been shown to reduce plasma
total and LDL cholesterol concentrations in a clinical study (5). 

EXPERIMENTAL PROCEDURES

Materials. Phytosterol was purchased as β-sitosterol (≥78.5%
β-sitosterol, 8.7% campesterol, 10% β-sitostanol, and 1%
campestanol) from Merck (Darmstadt, Germany), and choles-
terol (>99%) was from Sigma Chemical Co. (St. Louis, MO).
Soybean oil (SBO, LCT; ≥85% linoleic, oleic, and linolenic
acid) was a Sigma product and Captex 355 (MCT; ≥95%
caprylic and capric acid) was a product from Abitech Corpora-
tion (Janesville, WI). More detailed FA compositions of SBO
and Captex 355 can be found in Kaukonen et al. (23). Sodium
taurodeoxycholate (NaTDC) (Sigma Chemical Co.), egg leci-
thin, Lipoid E 80 (approximately 81.8% PC; Lipoid GmbH,
Ludwigshafen, Germany), and chloroform (Rathburn Chemi-
cals Ltd., Walkerburn, Scotland) were used in the preparation
of mixed micelles. The lipolysis buffer contained Trizma®

maleate, sodium chloride, sodium hydroxide, and sodium
azide, all obtained from Sigma, and calcium chloride dihydrate
from Riedel-de-Haën (Seelze, Germany). Water was obtained
from a Milli-Q (Millipore, Milford, MA) water purification
system. Pancreatin from porcine pancreas (8× USP specifica-
tions activity) was a Sigma product, and 4-bromophenyl-
boronic acid (BPBA) was purchased from Aldrich Chemical
Co. (St. Louis, MO). Sodium hydroxide (1 M, Fixanal®;
Riedel-de-Haën) was used to prepare a 0.2 M NaOH titration
solution.

Preparation of phytosterol and cholesterol suspensions. The
suspensions were prepared by heating phytosterol (see Table 1
for the individual phytosterol concentrations determined) or
cholesterol and either SBO or Captex 355 in a vessel while stir-
ring. The phytosterol or cholesterol was dissolved at about
100°C, and a clear solution was formed (27,28). After cooling
to about 90°C, purified water at the same temperature was
added to the suspension containing phytosterol. The vessel was
immediately immersed in ice, and the suspension was stirred
until it had reached at least room temperature (+25°C). The
phytosterol suspension contained 17% (w/w) phytosterol, 70%
MCT or LCT oil and 13% water, whereas the cholesterol sus-
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TABLE 1
Sterol Composition and Physicochemical Parameters

Sterol composition Aqueous
in suspension mW solubilityb

(%) (g/mol) cLog P a Log Pb [µM]

β-Sitosterol 76.3 414.7 10.73 9.63 0.005
β-Sitostanol 13.7 416.4 11.10
Campesterol 8.1 400.7 10.20 9.31
Campestanol 1.1 402.7 10.56
Stigmasterol 0.3 412.7 10.21 8.97
∆5-Avenasterol Below detection 412.7 10.33

Cholesterol >99 386.7 9.85 8.53 0.032
aCalculated using Advanced Chemistry Development (ACD/Labs, Toronto, Ontario) software, Solaris V4.67.
bFrom Reference 39.



pension contained 17% cholesterol and 83% MCT or LCT oil.
The suspension preparation was validated by analysis of the
sterol content in triplicate. The variation in the presumed sterol
content of the suspensions was 102.2% (SD ± 3.0, n = 3) for
cholesterol and 98.3% (SD ± 4.7, n = 3) for phytosterols. 

In vitro lipid digestion. The in vitro lipolysis experiments
were conducted in the same manner as those described earlier
(22,23,29,30). Cholesterol and/or phytosterol suspensions were
dispersed in 9 mL of BS/PL mixed micelles prepared in a pH
7.5 buffer (50 mM Trizma maleate, 150 mM NaCl, 5 mM
CaCl2). All digests contained a total of 50 mg of LCT (6 mM)
or MCT (10 mM), i.e., 25 mg of pure TG was added when only
cholesterol or phytosterol suspensions were studied. Two lev-
els of BS/PL concentrations were used to represent fed-state
(20 mM NaTDC/5 mM PC) or fasted-state (5 mM
NaTDC/1.25 mM PC) small intestinal conditions (31–33).
Phytosterol was dosed at either 14 or 28 µmol, whereas choles-
terol was dosed at 15 µmol. The fed micelles contained 0.08
mM cholesterol, because of residual cholesterol in the egg leci-
thin, but are referred to as cholesterol-free in the text. Choles-
terol-loaded micelles with 1.5 mM cholesterol were also used
to simulate the presence of endogenous or presolubilized cho-
lesterol (a total of 15 µmol in 10 mL) under fed-state condi-
tions (32,33). Lipolysis experiments were performed at 37°C
in a stirred and thermostated glass vessel and were initiated by
the addition of 1 mL of a 20% pancreatin suspension (1 g of
pancreatin to 5 mL of digestion buffer). The lipolysis was per-
formed over 60 min using a pH-Stat titration unit (Radiometer,
Copenhagen, Denmark) that maintained the pH at 7.5. The FA
produced by TG lipolysis were titrated with 0.2 M NaOH. At
the end of each experiment, a lipolysis inhibitor (50 µL of 0.5
M BPBA in methanol) was added to the digestion mixture to
stop further digestion. Two 4-mL aliquots of the postdigestion
mixtures were then ultracentrifuged in polyallomer centrifuge

tubes (34 min at 37°C and 300,000 × g) to separate the digests
into an oil phase, an aqueous phase, and a precipitated pellet.
The aqueous phase was aspirated into a syringe by penetrating
the side of the tube and was transferred into glass vials. Finally,
the samples were dried overnight in a lyophilizer (LyoPro 3000
freeze dryer; Heto, Allerød, Denmark) before analyzing by GC.
t-Tests (SigmaStat 2.0; SYSTAT Software Inc., Point Rich-
mond, CA) were performed on assayed sterol concentrations
in the micellar phases to statistically compare the results be-
tween the MCT and LCT systems. These results are presented
in Table 2.

Phytosterol solubility determination. Solubility was deter-
mined by adding anhydrous phytosterol crystals (dried over
night at 80°C, 0% RH) to the aqueous phase obtained after in
vitro lipolysis of 50 mg of LCT or MCT in fed-state micelles
preloaded with 1.5 mM cholesterol. A total of four digests were
performed (for both MCT and LCT) to obtain the aqueous
phase after separation by ultracentrifugation. Solid phytosterol
was added (1 mg phytosterol/1 mL aqueous phase; total vol-
ume ~7 mL), after which the samples were incubated at +37°C
for the entire period of the solubility studies and vortexed peri-
odically. Sterol concentrations were analyzed by GC from sam-
ples taken at the start of the experiment and after 6, 24, 48, and
120 h incubation. The samples (0.5 mL) were filtered (13-mm
syringe filter with a 0.2-µm polyvinylidene difluoride mem-
brane) prior to determination, and the filtrate was collected for
analysis. To assess the potential loss of solubilized sterol by fil-
tration, aqueous-phase samples from digests containing both
cholesterol and phytosterols were analyzed prior to and post
filtration. The loss of sterols was ≤1.7 %. No apparent physical
or visual changes were observed during the solubility study. 

Sample preparation and GC analysis of sterols. Sterols were
analyzed after alkaline hydrolysis of the samples by a GC
method using an internal standard for quantification as pre-
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TABLE 2
Aqueous Phase Concentrations of Phytosterols (PS) and Cholesterol (CH) After 60 min Digestion of 50 mg Long-Chain TG (LCT)
or Medium-Chain TG (MCT)

Fed micelles Fasted micelles Cholesterol micelles (fed)

Phytosterol Cholesterol Phytosterol Cholesterol Phytosterol Cholesterol
content in content in content in content in content in content in

aqueous phase aqueous phase aqueous phase aqueous phase aqueous phase aqueous phase
(distribution %) (distribution %) (distribution %) (distribution %) (distribution %) (distribution %)

Sterol dose in LCT
15 µmol CH 100 100
14 µmol PS 25.0a 24.2 ± 1.9b 96.1 ± 3.7
28 µmol PS 15.9a 28.0a 100a

14 µmol PS and
15 µmol CH 20.4 ± 2.3 85.8 ± 11.8b 30.1± 6.7b 87.9 ± 11.0b

Sterol dose in MCT
15 µmol CH 50.3 ± 1.5 39.7 ± 1.8
14 µmol PS 12.9a 15.6 ± 0.5b 95.6 ± 3.8
28 µmol PH 7.2a 5.8a 97.1
14 µmol PS and
15 µmol CH 15.5 ± 2.3 24.4 ± 3.1b 11.1 ± 6.1b 18.4 ± 4.7b

an = 1.
bStatistically significant difference (P < 0.05) between corresponding LCT and MCT values.



sented earlier (34,35). The dried samples were suspended in 1
mL water and the internal standard was added (0.2 mg dihy-
drocholesterol, ≈95%; Sigma-Aldrich). The samples were sub-
jected to alkaline hydrolysis (35), the unsaponifiable lipid frac-
tions were purified using a SiOH cartridge (Bond Elut, 500 mg;
Varian, Harbor City, CA), and sterols in aliquots of one-tenth
of the sterol fraction were converted to trimethylsilyl ethers
(TMS) (34). The TMS sterols were dissolved in 200 µL of hep-
tane before analysis by GC. 

An Agilent Technologies 6890N Network GC system gas
chromatograph equipped with an autosampler, on-column 7683
Series injector, and FID (300°C) was used. The column was a
RTX®-5w/INTEGRA fused-silica column [diphenyl and di-
methyl polysiloxane (5:95), 60 m × 0.32 mm i.d., 0.1-µm film
with 10-m Integra-Guard column; Restek Corp., Bellefonte,
PA). GC analysis of the TMS sterols was performed as de-
scribed earlier (34). An in-house reference sample (rapeseed
oil) was used to monitor the analytical level each day. The CV
was 1.86% for total sterol concentration and 2.12% for β-sitos-
terol (n = 19). GC separation and quantification were moni-
tored daily by injecting a sterol standard mixture containing di-
hydrocholesterol, cholesterol, and stigmasterol. The determi-
nation limit of sterols in a sample after the sample preparation
procedure was 5 µg. 

RESULTS

Across all systems studied, the digestion of MCT and LCT was
essentially complete after 60 min with no oily layer remaining
after centrifugation. The only exception was when digesting
LCT in the presence of fasted mixed micelles. In this case, it
was possible to distinguish a few minute oil droplets in addi-
tion to the aqueous- and pellet-phase postultracentrifugation. A
50-mg dose of lipids was used to produce similar endpoints of
digestion with the two lipids where practically all of the diges-
tion products were likely to be incorporated into mixed mi-
celles (24,26). This enabled comparison of the two systems on
more equal terms with regard to the solubilizing capacity of the
colloidal phases formed. Although fed-state conditions might
be considered more relevant, fasted-state conditions were also
studied to probe the effects of the BS/PL level on solubiliza-
tion. This was warranted, not only by the wide range of BS/PL
levels determined in aspirates from different subjects (31–33),
but also because reduced gall bladder emptying has been ob-
served after ingestion of MCT lipids (31). 

Solubilization of cholesterol or phytosterols into mixed mi-
celles during lipolysis. Digestion experiments with LCT or
MCT lipids containing either cholesterol or phytosterol were
conducted to establish their individual solubilization behavior.
Under fed-state conditions, the solubilization of cholesterol
from the LCT suspension formulation into the micelles was
markedly different compared with the formulation containing
MCT (Fig. 1A and Table 2). When digesting cholesterol sus-
pended in LCT, the entire cholesterol dose (n = 3) was incor-
porated into the micellar phase. For the MCT suspension for-
mulation of cholesterol, only 50.3% (±1.5%, n = 3) of the ini-
tial cholesterol dose was recovered in the micellar phase. A

reduction in the BS/PL concentration (fasted state) did not di-
minish cholesterol solubilization in the LCT system, and the
entire cholesterol dose was again solubilized into the mixed mi-
cellar phase. On the other hand, cholesterol solubilization into
fasted mixed micelles containing MCT digestion products de-
creased significantly (39.7 ± 1.8%, n = 3) compared with the
corresponding event in the fed state. 

Phytosterol solubilization was determined using fed-state
mixed micelles (Fig. 1B, Table 2). As with cholesterol, phytos-
terols were incorporated into the mixed micellar phase but to a
substantially lower degree than the cholesterol. Only 25% of
the initial phytosterol dose was solubilized from suspensions
containing LCT, and only 13% was solubilized from MCT for-
mulations. However, the relative solubilizing capacity of the
LCT and MCT systems was comparable to that observed with
cholesterol. For MCT suspensions, increasing the phytosterol
dose from 14 to 28 µmol led to a slight increase in the concen-
tration of solubilized phytosterol (163 vs. 183 µM), as only 7%
of the higher phytosterol dose was incorporated into the mi-
celles. A more distinct increase in the concentration of solubi-
lized phytosterol (329 vs. 452 µM) could be observed from the
suspension prepared in LCT; however, not more than 15.9% of
the phytosterol dose was solubilized at the higher dose. 

Solubilization of co-administered cholesterol and phytos-
terols into mixed micelles during lipolysis. Digestion of co-ad-
ministered phytosterol and cholesterol suspensions in either
LCT or MCT was performed to simulate dietary intake of both
sterols and to study the capacity of phytosterol to reduce cho-
lesterol solubilization. The amounts of lipid and individual
sterols were identical to those of the digests presented in the
previous section. 

When LCT suspensions were used under fed-state condi-
tions, the extent of cholesterol solubilization in the micelles de-
creased to 85.8% (± 11.8%, n = 3) (Fig. 2, Table 2). The solu-
bilization was not affected by a decline in the BS concentration
(87.9 ± 11.0%, n = 3). A more significant decrease of choles-
terol solubilization in mixed micelles was observed when co-
administering phytosterol and cholesterol suspended in MCT.
In the fed state, the content of cholesterol in micelles decreased
to 24.4% (± 3.1, n = 3) of the initial cholesterol dose and was
even lower in the fasted state (18.4, ± 4.7%, n = 3). The results
indicate that when cholesterol and phytosterols are simultane-
ously present during lipid digestion, less cholesterol will be sol-
ubilized by the mixed micelles. However, it would seem that
phytosterols together with MCT act as a more efficient limit-
ing factor in the micelles’ capacity to solubilize cholesterol.

Solubilization of phytosterols into cholesterol-loaded mixed
micelles. Micelles preloaded with cholesterol represent a truer
system than micelles without, since some cholesterol, as an in-
tegral component of bile, will be presolubilized in the intesti-
nal mixed micelles under in vivo conditions (18,32). The pre-
loaded fed-state micelles contained 1.5 mM cholesterol (15
µmol in 10 mL), which is within the range of concentrations
observed in small intestinal aspirates after ingestion of a test
meal (32,33). Phytosterols were administered as described pre-
viously at a dose of 14 µmol. 

The phytosterols, administered as either MCT or LCT suspen-
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sions, were solubilized into the cholesterol-loaded micelles to an
extent similar to that during digestion with the cholesterol-free mi-
celles (Figs. 3 and 1B, Table 2). Again, the solubilization of phy-
tosterols suspended in LCT was more effective (24.2 ± 1.9%, n =
3) compared with the MCT-based suspension (15.6 ± 0.5%, n =
3). However, the incorporation of phytosterols into the cholesterol-
preloaded mixed micelles did not significantly decrease the cho-

lesterol content. The cholesterol content in the micellar phase was
95.6% (± 3.8%, n = 3) of the administered dose when phytosterols
suspended in MCT were digested, and a similar cholesterol con-
tent was achieved with the LCT formulation (96.1 ± 3.7%, n = 3).
A twofold increase in the phytosterol dose (28 µmol) did not fur-
ther reduce the cholesterol content in the micelles (see Table 2). 

Phytosterol solubility in MCT and LCT postdigestion
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FIG. 1. The impact of lipid chain length on the micellar solubilization of sterols during lipid
digestion. The sterols were administered with a total of 50 mg of either long-chain TG (LCT) or
medium-chain TG (MCT). (A) Solubilization of cholesterol (dose 15 µmol) into mixed micelles
under a fed state [20 mM sodium taurodeoxycholate (NaTDC)/5 mM PC] or a fasted state (5
mM NaTDC/1.25 mM PC) (n = 3). (B) Solubilization of phytosterols (dose either 14 µmol or 28
µmol) into mixed micelles under a fed state (n = 1). Error bars represent SD.



phases. The solubility of phytosterols was determined in MCT
and LCT postdigestion aqueous phases obtained with choles-
terol-loaded micelles. This was done to further probe the valid-
ity of the results showing little displacement of presolubilized
cholesterol by phytosterol suspensions during lipolysis. 

An increase in the phytosterol concentration was observed as

a function of time for both MCT and LCT mixed micellar phases
(Fig. 4). At 120 h, the solubilization of phytosterol into the mi-
celles was 119 µM (±38, n = 3) for the MCT phase (Fig. 4A),
compared with 392 µM (±21, n = 3) for the LCT phase (Fig. 4B).
These results emphasize the efficacy of the lipolysis process,
since approximately the same amount of phytosterol was incor-
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FIG. 2. Solubilization of co-administered phytosterol and cholesterol into mixed micelles. The
sterol suspensions contained a total of 50 mg of either LCT or MCT. The bile salt (BS)/phos-
pholipids (PL) concentration levels were 20 mM NaTDC/5 mM PC (fed state) or 5 mM
NaTDC/1.25 mM PC (fasted state) (n = 3). For other abbreviations see Figure 1. Error bars rep-
resent SD.

FIG. 3. Solubilization of phytosterol (dose either 14 µmol or 28 µmol) into micelles preloaded
with 1.5 mM cholesterol. Phytosterols were administered with 50 mg of either LCT or MCT.
The BS/PL concentration level was 20 mM NaTDC/5 mM PC (fed state) (n = 3). For abbrevia-
tions see Figures 1 and 2. Error bars represent SD.



porated into the micelles during 120 h as during 1 h of lipolysis
(see Fig. 1B). 

Congruent with the lipolysis results, the solubilization of phy-
tosterols into the micelles did not affect the content of cholesterol
significantly. The cholesterol content in the micelles containing
MCT digestion products varied (during 120 h) from 1367  (± 45,
n = 3) to 1470 µM (± 26, n = 3), whereas the content in the LCT
digestion phase varied from 1541 (± 20, n = 3) to 1568 µM (± 54,

n = 3) during the same time interval. These results suggest that
presolubilized cholesterol may be difficult to displace.

Worth mentioning is that equilibrium sterol solubilities were
not achieved with certainty during this study. Phytosterol con-
centrations sampled at 120 h were significantly higher than those
at 48 h, which was more pronounced in samples from LCT mi-
cellar solutions (an increase of 139%) compared with MCT sam-
ples (30%, respectively).
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FIG. 4. Phytosterol solubility (+37°C, up to 120 h) in the mixed micellar phase obtained after
in vitro lipolysis of 50 mg of (A) MCT or (B) LCT in fed-state micelles (20mM NaTDC/5mM PC)
preloaded with 1.5 mM cholesterol (n = 4). For abbreviations see Figure 1. Error bars represent
SD. 



DISCUSSION

For cholesterol, the crucial step in its lumenal processing is sol-
ubilization into mixed micelles, a prerequisite for the transport
toward the brush border membrane. Previous in vitro studies
have shown that very lipophilic drugs, with high log P (e.g.,
halofantrine, log P 8.86) are solubilized better into mixed mi-
celles containing digestion products of LCT, whereas lower log
P drugs (e.g., griseofulvin, log P 2.18) favor the systems con-
taining medium-chain FA (23,26). Subsequent in vivo studies
support these findings and give credence to the use of the dy-
namic in vitro lipolysis method as a predictive model of intesti-
nal solubilization processes (24,25). Table 1 demonstrates log
P values for all the sterols present in this study. If our results
are consistent with the preceding findings, the high log P val-
ues suggest that incorporating sterols into mixed micelles con-
taining long-chain FA is more efficient. This in vitro lipolysis
study was performed to probe the above hypothesis on sterol
solubilization and to further examine whether phytosterols are
able to displace cholesterol from mixed micelles during lipid
digestion. The experimental conditions were designed accord-
ing to the previous studies producing in vitro–in vivo correla-
tions (24). 

We found, indeed, that the mixed-micellar phase containing
digestion products of LCT was able to incorporate significantly
higher amounts of cholesterol than that obtained after digestion
of MCT (Fig. 1A). Replacing the long chain length (C14–C18)
TG with one containing medium chain length (C8–C10) FA de-
creased the amount of solubilized cholesterol by 50% in the
aqueous phase. Interestingly, comparable trends have been ob-
served in vivo. Kritchevsky and Tepper (36) reported a similar
reduction in serum total cholesterol concentration following in-
gestion of MCT compared with LCT in rats. Similarly, they
stated that the cholesterol level was reduced by 50% of the ini-
tial amount in liver and serum when rats were fed MCT instead
of coconut or corn oil. Notably, rats are not the ideal model
when evaluating lipid digestion, since bile secretion in the rat
is continuous and not food dependent as in humans (24). How-
ever, similar results were also obtained when Borel et al. (37)
compared the effect of MCT and LCT on the bioavailability of
fat-soluble β-carotene (log P 15.5) in humans. They found β-
carotene plasma levels to be markedly diminished when ad-
ministered together with MCT instead of LCT. These results,
together with the results on lipophilic drugs (24,25), indicate
that the less efficient in vitro solubilization of sterols provided
by MCT digestion products may have relevance for in vivo ab-
sorption.

Regardless of lipid chain length, the amount of cholesterol
solubilized into the micelles was roughly fourfold compared
with that of phytosterols in the respective system (Table 2),
with the individual phytosterols solubilized in proportion to
their respective quantity in the solid (see Table 1). In contrast,
results from a static dissolution study using simulated mixed
micelles reported similar solubilization for cholesterol and β-
sitosterol but showed reduced solubilization for sitostanol (18).
With increasing hydrophobicity (see Table 1 for log P values

and aqueous solubility), the micellar solubilizing capacity for
phytosterols is reduced compared with cholesterol (38). How-
ever, the relative benefits derived from solubilization also in-
crease with increasing hydrophobicity, thereby affording the
more hydrophobic phytosterols a higher affinity to the micelles
(39). The selectivity for sterol hydrophobicity will depend on
the hydrophilicity of the BS, i.e., on the number of hydroxyl
groups and conjugating moiety (38,39). This may explain our
dissimilar results as the dihydroxy BS in the present study
(NaTDC) are likely to be more selective than the BS mixture
used by Mel’nikov et al. (18). 

Co-administration of phytosterol and cholesterol, particu-
larly when suspended in MCT, showed a significant reduction
of solubilized cholesterol in digests using cholesterol-free mi-
celles (Fig. 2, Table 2). As was previously mentioned, the en-
tire cholesterol dose administered was solubilized into mixed
micelles containing LCT digestion products (see Solubilization
of cholesterol or phytosterols into mixed micelles during lipol-
ysis section). The amount of cholesterol solubilized into the mi-
cellar phase was reduced to 50.3% (±1.5%, n = 3) when di-
gested with MCT. When MCT suspensions of phytosterols and
cholesterol were co-administered, the solubilization of choles-
terol into the mixed micelles containing MCT digestion prod-
ucts was further reduced to 24.4% (±3.1%, n = 3) of the admin-
istered dose. 

The effects observed during MCT digestion of co-adminis-
tered sterols are in excess of that observed with LCT, where re-
duction of cholesterol solubilization was 14.2%. These results
are in agreement with the results and hypothesis presented by
previous authors stating that the presence of phytosterols will
reduce the micellar solubilization of cholesterol because of the
limited solubilizing capacity of the mixed micelles or thermo-
dynamic preferences (18). The lower solubilizing capacity for
highly lipophilic compounds of the mixed micelles from MCT
digests, compared with those of LCT lipids, would therefore
further exacerbate the situation (24–26). 

Despite the promising results with co-administered sterols,
we were practically unable to displace presolubilized choles-
terol during digestion in either the MCT or LCT system (Fig.
3); these results were supported by the solubility studies (Fig.
4). Potential reasons for this are the extent of micellar satura-
tion, the lack of solid cholesterol to promote precipitation, and
the time span of the experiment. Mel’nikov et al. (18) showed
that phytosterols and β-stanols were able to compete with and
displace preloaded cholesterol from mixed micelles containing
long-chain FA, provided the micelles were loaded with suffi-
cient amounts of cholesterol. Even in the presence of solid cho-
lesterol, phytosterols were able to displace cholesterol from the
mixed micelles only when the preloaded micelles were satu-
rated (1.0 mM), whereas both cholesterol and phytosterols
were incorporated into micelles at lower preloading (0.2 mM).
Maximal displacement was obtained progressively over sev-
eral hours of incubation. The cholesterol dose (1.5 mM) in the
present study, although higher than that producing cholesterol
precipitation in the study by Mel’nikov et al., may not have
been high enough to form saturated micelles because of higher
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concentrations of the lipolysis products. An additional factor
includes the dynamic processing during lipid digestion, which
may promote supersaturation of colloidal (especially vesicular)
structures (22–25). This would contribute to the lack of differ-
ence observed between the MCT and LCT lipids, as the pres-
ence of presolubilized cholesterol is likely to promote and sta-
bilize vesicular structures, which for MCT systems would im-
part a relatively higher impact on the solubilizing capacity (26).

In a previous study Plat et al. (40), stated that consumption of
2.5 g of phytosterols in either one or three meals during the day
was equally effective in lowering plasma LDL cholesterol lev-
els. This suggests that phytosterols might also affect cholesterol
absorption through other than lumenal mechanisms, e.g., through
effects on the enterocyte level. A specific protein in jejunal ente-
rocytes, called Niemann–Pick C1 L1 (NPC1L1), was recently
found to facilitate cholesterol absorption through the brush bor-
der membrane (41). Similarly, NPC1L1 seems to play an impor-
tant role in the intestinal influx of phytosterol. The ATP-binding
cassette (ABC) transporters ABCG5, ABCG8, and ABCA1 are
involved in the transport of excess sterol from the enterocytes
back into the intestine (42,43). These transport systems appear
to be unable to differentiate between cholesterol and phytos-
terols, whereby an increased amount of phytosterols in the intes-
tine or in the enterocytes would increase the amount of choles-
terol excreted (44,45). However, effects of phytosterol on the lu-
menal processing of cholesterol may also contribute to the
findings of Plat et al. (40). In view of the high amount of phytos-
terol ingested in one dose, it is likely that much of the phytos-
terol would remain unsolubilized and precipitate in the intestine,
later to be resolubilized when food is again ingested. In this way,
phytosterols would be reintroduced into the solubilization
process of cholesterol during lipolysis of the ingested lipids con-
tained in the food. This kind of resolubilization process has been
suggested to account for the observed double peaking in plasma
concentration–time profiles with halofantrine, which is a highly
lipophilic, poorly water-soluble drug (46).

The present study showed that cholesterol solubilization
into mixed micelles is reduced in the presence of MCT diges-
tion products and that phytosterols formulated in MCT could
reduce cholesterol amounts even further and in excess of that
observed with LCT systems. These interesting in vitro results
raise questions about the potential benefits of medium chain
length lipids in cholesterol-lowering phytosterol products.
Today, approximately 95% of the ingested fat is LCT, although
MCT should pose little or no risk from toxicity when consumed
as a dietary supplement at levels up to 15% of the daily dietary
calories or about 50% of the total daily dietary fats (47,48).
However, potential risks for increased serum TG concentra-
tions should be recognized at high levels of MCT (48,49). The
in vitro lipolysis model is a fairly new method used to simulate
the intestinal dissolution conditions in humans (22–25,30,50).
Although the method has shown promising predictive capacity,
the complex dynamic composition of fluids in vivo, especially
during the fed state, is difficult to simulate and warrants addi-
tional experiments (both in vitro and in vivo) to probe this hy-
pothesis further.
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ABSTRACT: The influence of grass-only diets either from rye-
grass-dominated lowland pastures (400 m above sea level) or
botanically diverse alpine pastures (2000 m) on the FA profile of
milk was investigated using three groups of six Brown Swiss cows
each. Two groups were fed grass-only on pasture (P) or freshly
harvested in barn (B), both for two experimental periods in the
lowlands and, consecutively, two periods on the alp. Group C
served as the control, receiving a silage-concentrate diet and per-
manently staying in the lowlands. Effects of vegetation stage or
pasture vs. barn feeding on milk fat composition were negligible.
Compared with the control, α-linolenic acid (18:3n-3) consump-
tion was elevated in groups P and B (79%; P < 0.001) during the
lowland periods but decreased on the alp to the level of C owing
to feed intake depression and lower 18:3n-3 concentration in the
alpine forage. Average 18:3n-3 contents of milk fat were higher
in groups P and B than in C by 33% (P < 0.01) at low and by 96%
(P < 0.001) at high altitude, indicating that 18:3n-3 levels in milk
were to some extent independent of 18:3n-3 consumption. The
cis-9,trans-11 CLA content in milk of grass-fed cows was higher
compared with C but lower for the alpine vs. lowland periods
whereas the trans-11,cis-13 isomer further increased with alti-
tude. Long-chain n-3 FA and phytanic acid increased while ara-
chidonic acid decreased with grass-only feeding, but none of
them responded to altitude. Grass-only feeding increased milk α-
tocopherol concentration by 86 and 134% at low and high alti-
tude (P < 0.001), respectively. Changes in the ruminal ecosystem
due to energy shortage or specific secondary plant metabolites
are discussed as possible causes for the high 18:3n-3 concentra-
tions in alpine milk. 

Paper no. L9566 in Lipids 40, 191–202 (February 2005).

Recently, elevated contents of beneficial functional FA in
cows’ milk and cheese derived from alpine grazing systems
were reported (1–4). Increased contents of n-3 PUFA and an
improved ratio of n-3 to n-6 PUFA in milk of cows grazing on
alpine pastures were shown (3,5). It was even hypothesized that
a relation between high levels of α-linolenic acid (18:3n-3) in

alpine cheese and a favorable cardiovascular health status of
the alpine population may exist (4). Generally, n-3 PUFA are
known to be essential for human health, and problems may
arise if they are consumed in too low a proportion relative to
n-6 FA (6). Furthermore, the content of CLA (18:2 cis-9,trans-
11 isomer), a FA that also has shown potential to benefit human
health (7), was found to be clearly enriched in milk (3) or
cheese (1,2) from alpine production systems compared with
those from intensive lowland production. Additionally, the pro-
portion of short- and medium-chain saturated FA (SFA), which
are supposed to increase the risk of cardiovascular diseases (8),
was found to be markedly lower in milk and milk products
originating from cows grazing high alpine pastures (2,4,5). 

Milk fat derived from cows grazing high alpine pastures
therefore seems to have a considerably higher dietetic value
than conventional milk, but the reasons for these differences
are still unclear. To our knowledge, in previous studies the in-
dividual factors of the alpine sojourn of cows potentially af-
fecting milk fat composition were never differentiated, and
diets fed in the lowlands for control were either not specified
or not restricted to herbage-only, as is usual practice in Swiss
alpine dairy systems. Known mechanisms influencing the FA
profile in lowland milk are (i) the basic effect of grazing and
the related body fat mobilization (9,10) as well as influences of
the herbage’s botanical composition (10,11), (ii) the degree of
usage of concentrates, in particular wheat, barley, and maize in
the diets, which mainly contribute SFA, 18:1, and 18:2n-6 but
very little 18:3n-3 (10,12,13), and (iii) the effect of herbage
conservation (13–15). These factors could also contribute to
the differences in composition between common lowland milk
and milk from alpine pastures. It is, however, still unclear
whether, in addition, specific plants (16), the 18:3n-3 content
of the alpine flora (3,17) and even the hypoxic environment per
se (4) are responsible for the typically high contents of CLA
and n-3 PUFA of alpine milk products. Otherwise, the “alpine
paradox” (4) would actually be a general phenomenon of feed-
ing grass at any altitude and mainly reflect the difference from
mixed, often maize-based, diet types. The objective of the pre-
sent study was to determine experimentally the factors respon-
sible for the composition of milk fat of cows consuming grass
at high altitude. Comparisons included grass-only vs. mixed
diets in the lowland, high altitude vs. lowland grazing of the
cows, pasture vs. indoor feeding, and young vs. mature swards. 
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EXPERIMENTAL PROCEDURES

Animals. Eighteen Brown Swiss cows, having been 94 (65 to
127) d into their second lactation at the beginning of the exper-
iment, were blocked by calving date and allocated to three
groups (P, pasture group; B, barn-fed group; C, control group)
with minimal between-group variance for energy-corrected
milk yield, milk protein, and milk fat percentage. Average milk
yield, at the start of the experiment, was 21.7, 22.2, and 22.3
kg/d for groups P, B, and C, respectively. The corresponding
average contents per kilogram of milk were 43.6, 42.0, and
41.4 g fat; 30.3, 31.1, and 31.8 g protein; and 50.6, 50.4, and
49.1 g lactose, respectively. 

Experimental schedule. Six subperiods (S0 to S5) were de-
fined. Each subperiod lasted for 21 d, and intensive sampling
was always done during the respective third week. All data and
data points in the figures refer to the average values of these in-
tensive sampling weeks within each subperiod. The first part
of the experiment took place at the ETH research station
Chamau in central Switzerland at 400 m above sea level. Dur-
ing the baseline subperiod (S0) all cows were tethered in a barn
and fed a mixed control diet. During the “lowland period,”
comprising the two subperiods S1 and S2, group P was turned
out to pasture for 24 h/d, while groups B and C remained in the
barn. Group B was fed only freshly harvested grass ad libitum,
and group C remained on the control diet. After S2, all cows
were kept in the barn again until the alpine vegetation was
ready for grazing and harvest. During this time, groups P and
B stayed on the grass-only diet at ad libitum access. At the end
of this transition period, which lasted for 28 d, just before and
after the transport to the alpine location, additional milk sam-
ples were taken. These samples provided the additional data
points in Figures 3 to 6. For the “alpine period,” Groups P and
B were transported to the alpine ETH research station Alp
Weissenstein located at 2000 m above sea level in the Eastern
Swiss alps. Half of the group P and B cows were switched to
the respective other group in order to counterbalance possible
residual effects of the previous treatment. This balanced re-
arrangement of groups P and B is indicated in the figures by
the dotted line. Group C remained in the lowlands and contin-
ued to serve as control group. Like the lowland period, the
alpine period consisted of two subperiods (S3 and S4). S5 as a
final baseline evaluation was carried out with all cows kept in
the lowland barn again and fed the control diet. 

During the intensive sampling weeks, milk yield was
recorded and proportionate milk samples of each cow and each
milking were obtained. The samples were frozen at
−20°C immediately after sampling. Cows were weighed and
blood samples were taken at days 2 and 6 within each sampling
week. Two feed samples were drawn every day in each group
during the sampling weeks of the subperiods. An aliquot of
each feed sample was dried at 60°C for 48 h, and a second was
frozen at −20°. Feces were sampled once a day from each ani-
mal and frozen. Later, all samples were defrosted, pooled per
sampling week (feed) or per animal and sampling week (feces),
and then dried and ground through a 0.75-mm sieve for analy-

sis. Feed intake was measured daily for cows kept in barn. On
pasture, feed samples were obtained mimicking the selection
behavior of the cows for at least 3 h distributed over the whole
daytime, and feed intake was calculated using the double-
alkane technique (18). As the source for the synthetic marker
alkanes (C32 and C36), controlled release alkane capsules
(CRC; Captec, Auckland, New Zealand) were introduced into
the rumen of the cows 8 d prior to each sampling week. Odd-
chain alkanes (C31 and C33) in feed were used as internal mark-
ers. The actual alkane recovery rates in feces were determined
with the known feed intake of the group B cows that had also
received CRC. 

Diets. S1 started at the earliest possible vegetation stage of
the first growth; S2 followed 3 wk later on a now more mature
sward. The same principle was followed for S3 and S4 at the
alpine location. The lowland areas were intensively managed
leys with regular manure fertilization. The alpine pasture was
native and not fertilized. The botanical composition was visu-
ally estimated in the standing sward within each sampling week
in eight systematically distributed 9-m2 plots (four per pasture
and harvest paddock, respectively) according to the method of
Braun-Blanquet (19). The main species characteristics of the
experimental sites are shown in Table 1. The analyzed nutrient
and FA composition of the experimental feeds is listed in Table
2. Data for individual vegetation stages are not displayed since
vegetation stage effects on milk fat composition were found to
be not significant. 

Herbage for group B was harvested daily in the early morn-
ing from paddocks adjoining those grazed by group P cows;
the two were similar in botanical composition. It was then kept
tightly packed to avoid any possible losses of FA by wilting of
the forage (15). The control diet contained hay, ryegrass silage,
and maize silage in proportions of 0.1:0.6:0.3 on a dry-matter
(DM) basis, was provided ad libitum, and was supplemented
by concentrates according to milk yield. The two commercial
concentrates used contained rumen-protected fat (Table 2),
which made up 410 g/kg of total dietary FA in the control diet.
The cows of all groups had ad libitum access to NaCl and a
nonvitaminized mineral mix (Ca:P = 2:1; Nährkosan, Büron,
Switzerland) during the whole experiment.

Analysis. Frozen milk samples were defrosted and pooled
per cow and sampling week. After direct transesterification, ac-
cording to Suter et al. (20), the FAME were extracted with n-
heptane and then separated and quantified with GC using a Sil
88 column (100 m × 0.25 mm, 0.2 µm; Varian Inc, Darmstadt,
Germany) on an HP 6890 (Hewlett-Packard, Wilmington, DE).
Hydrogen flow was 1.5 mL/min; 0.5 mL of n-heptane contain-
ing the FAME was injected on column. The temperature pro-
gram was: 60°C for 5 min; increase by 14°C/min up to 165°C;
2°C/min up to 225°C; isothermal for another 15 min. Tempera-
ture program and peak identification were adapted from Col-
lomb and Bühler (21) with some modifications. The peaks for
16:1trans and 20:1trans may contain some branched-chain FA
(22). They were therefore only included in the calculation of
total FAME and not separately shown in the tables. The applied
chromatographic method also is not able to separate trans-
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8,cis-10 and trans-7,cis-9 from the major cis-9,trans-11 CLA-
isomer as well as trans-11,cis-13 from cis-9,cis-11 (3,23).
However, the concentration of the trans-7,cis-9 isomer has
been described to be about 100-fold lower than the cis-9,trans-
11 isomer in milk, and changes due to (alpine) feeding occurred
on a rather low level (3,24). Proportions of and effects on trans-
8,cis-10 are even lower than for trans-7,cis-9 (24). Thus, we
conclude that any distortion of the effect on the cis-9,trans-11
isomer is small, although it might be slightly biased because
both of these minor isomers are likely to increase with altitude
of the site where the dairy cows are kept (24). Similarly, the
cis-9,cis-11 isomer, coeluting with the trans-11,cis-13 isomer,
seems to be present only in traces if at all (24; Collomb, M.,
personal communication); we therefore refer to this peak as
trans-11,cis-13. Response factors were determined using BCR
164 standard milk fat (Certified Reference Material; EC Refer-
ence Materials, Brussels, Belgium) as a reference. The milk fat
content measured with a standard NIR procedure (Milkoscan
4000; Foss, Höganäs, Sweden) closely correlated with the
amount of total FAME obtained with GC (r2 = 0.93). Phytanic
acid (3,7,11,15-tetramethylhexadecanoic acid) was separated
and quantified in the milk samples of S2 and S3 and in the sam-
ples drawn directly before and after transfer to the alp, using an

RTX225 column (30 m × 0.32 mm, 0.5 µm; Restek Corpora-
tion, Bellefonte, PA). Injection volume was 1 µL in a 30:1 split
modus at 240°C. Hydrogen flow was 4.0 mL/min. The temper-
ature program was 140°C for 2 min, ramp 5°C/min up to
215°C, isothermal for 5 min.

Lipids from feeds were extracted by accelerated solvent ex-
traction (ASE 200; Dionex Corp., Sunnyvale CA) using
hexane/isopropanol (2:1 vol/vol) and transformed into FAME
according to Wettstein et al. (25). FAME were dissolved in
hexane and analyzed with GC on a Supelcowax™-10 column
(30 m × 0.32 mm, 0.25 µm; Supelco Inc., Bellefonte, PA) after
split injection (1:30) at 270°C. The injection volume was 2 µL;
hydrogen flow was 2.2 mL/min. The temperature program was
160°C for 1 min, ramp 20°C/min up to 190°C, ramp 7°C/min
up to 230°C; isotherm at 230°C for 4 min, ramp 20°C/min up
to 250°C, isotherm for 4 min.

Tocopherols in milk were analyzed after saponification with
KOH with normal-phase HPLC on a Merck-Hitachi system
with UV detection (La Chrom; Darmstadt, Germany) accord-
ing to Rettenmaier and Schüepp (26). The β-, γ-, and δ-tocoph-
erols were always below the detection limit.

Feed contents of DM and nitrogen (N × 6.25 = crude pro-
tein) were analyzed with standard methods as described previ-
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TABLE 1
Frequent Plant Species in the Lowland and the Alpine Pastures Used in the Experiment

Estimated proportions of total ground coveringa

>10% 4–10% 1–4%

Lowland site (16 plots)
Monocotyledonae (77%)
Total species found: 9 Lolium multiflorum, Poa trivialis, Poa annua Festuca pratense, Poa pratense

Lolium perenne
Leguminosae (6%)
Total species found: 2 Trifolium repens Trifolium pratense

Dicotyledonae (except
Leguminosae) (16%)
Total species found: 8 Taraxacum officinale Rumex obtusifolius,

Ranunculus repens, Bellis 
perennis

Alpine site (16 plots)
Monocotyledonae (36%)
Total species found: 14 Festuca rubra Trisetum flavescens, Phleum Poa trivialis, Nardus

alpinum, Poa alpina, Festuca stricta, Poa pratense
pratense 

Leguminosae (23%)
Total species found: 11 Trifolium pratense Trifolium montanum Trifolium repens, Trifolium 

badii, Lotus spp.,
Trifolium nivale

Dicotyledonae (except 
Leguminosae) (40%)
Total species found: 46 Rumex arifolius, Alchemilla Peucedaneum osthrutium,

vulgaris, Taraxacum officinale Ranunculus montanus,
Ranunculus acer, Achillea 
stricta, Carum carvi, Chaero
phyllum cicutaria, Campanula 
scheuchzeri, Crepis aurea, 
Veronica chamaedrys,
Plantago alpina,
Leontodon hispidus

aVisually estimated according to the method of Braun-Blanquet (19).



ously (27). Contents of net energy for lactation were calculated
based on the equations used in the official Swiss feed evalua-
tion (28). Plasma metabolites and insulin were analyzed with
standard assays. Plasma insulin was measured with a radioim-
munoassay kit (No. 1064 1401; Pharmacia, Uppsala, Sweden).
Plasma concentrations of nonesterified FA (NEFA), β-hydrox-
ybutyrate (BHB), glucose, and urea were analyzed on a
COBAS-MIRA chemistry analyzer (Roche, Basel, Switzer-
land), with the following assays: NEFA with NEFA-C WA
994-75409 (Wako, Neuss, Germany), BHB with product 310-
A (Sigma, Buchs, Switzerland), glucose with assay No.
1447513 and urea with assay No. 1489364 (both Roche).

Statistics. Data were evaluated with three mixed models by
SAS V8.2e (PROC MIXED; SAS Institute, Cary, NC;). Model
1 included group (P, B, or C) and calving date (classified in
three blocks of similar calving date) as fixed factors. Animal
was included as random effect, and the individual baseline (S0)
values were used as a covariate. The least squares (LS) means
and all significances of the group × period interaction, shown
in Tables 3 and 4, are based on model 1. The same model, but
without the covariate S0, was used to obtain LS means of all
subperiods (including S0) for the illustration in the figures. A
third model was applied for the calculation of the altitude and
the vegetation stage effects, considering vegetation stage (two
classes: young or mature) and main period (lowland or alps) as
additional fixed effects. Group C, for which feed and altitude
remained unchanged, was excluded from the calculations with
model 3. 

RESULTS

Feed intake and metabolic energy supply. During the lowland
period, the DM intake of the grass-only fed cows was lower
than in cows of group C [significantly for group P (P < 0.05)
and as a tendency for group B (P < 0.1); Table 3]. Nevertheless,
the calculated net energy intake of B and P cows did not differ
significantly from C cows during the lowland period (Fig. 1A),
and milk yield decreased only slightly (Fig. 2B). However, un-
like C cows, P and B cows lost weight from S0 to S1 (P < 0.05;
Fig. 2A), and all blood plasma metabolites indicated a certain
catabolic state (Table 3). In the alpine period (S3 and S4), DM
intake in groups P and B decreased (P < 0.001) compared with
the lowland period and with C cows, and net energy intake was
reduced by approximately one-third (P < 0.01). Accordingly,
milk yield markedly decreased when cows were transferred to
the alpine location (P < 0.001; Fig. 2). Although body weight
did not further decline, plasma levels of BHB (P < 0.001) and
NEFA (P < 0.001) still increased and plasma glucose (P <
0.05) and insulin (P < 0.001) further decreased during the
alpine sojourn of the cows (Table 3). 

FA intake. In S1 and S2, individual FA consumption of the
grass-only fed cows differed from that of the C cows (Table 3)
since lowland grass had clearly higher levels of 18:3n-3 but
much lower levels of SFA, monounsaturated FA, and 18:2n-6
than the control diet (cf. Table 2). Thus, 18:3n-3 was the main
dietary FA for groups P and B, whereas for group C, 16:0 and
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18:0, originating from the concentrates, and 18:1 and 18:2n-6,
coming from both the concentrates and the maize silage, were
the major dietary FA. In the alpine period, the total FA content
of the herbage tended to be lower (P < 0.1; t-test) than during
the lowland period (Table 2). Additionally, the 18:3n-3 propor-
tion of total FA in the herbage declined (P < 0.01; t-test). This
resulted in a reduced intake of total FA and 18:3n-3 by 23 and
43%, respectively, in the alpine compared with the lowland pe-
riod for both P and B (P < 0.001; Table 3 and Fig. 1B).

Fat content and saturated FA in milk. The fat content in milk
was not affected by the grass-only diets in the lowlands but
(with concomitantly decreased milk yields) it increased in
group P (P < 0.001) and in group B (P < 0.1) after transport to
the alps. With the start of grass feeding in S1, the proportion of
the even-chain SFA 6:0 through 14:0 in total milk FAME of
groups P and B initially increased (P < 0.001). From subperiod
S2 on, there was an almost linear decrease in the proportions
of these FA in total FAME and in the milk of the P and B cows,
with the values finally decreasing below the levels of control
group (representatively shown for 10:0 and 12:0 in Fig. 3). Fig-
ure 3 illustrates that this was a continuous decline that, to a con-
siderable extent, had already taken place before the transfer to
the alpine site. In S5, the concentration of 6:0 through 14:0 re-
turned to the baseline values represented by the C cows. Dur-
ing the lowland period, a decrease in the proportion of 16:0 as
part of the total FAME occurred with the herbage-only diets (P
cows: P < 0.01; B cows: P < 0.05) compared with the control
diet (C), whereas 17:0 moderately increased (P < 0.05 for both
groups) and the proportion of 18:0 remained unaffected. With

the alpine sojourn of P and B groups, the 18:0 proportion of
total FAME significantly increased whereas those of 16:0 and
17:0 were not affected by the location.

18:1 FA in milk. Among the identified 18:1 trans isomers, the
18:1trans-10/trans-11 proportions of total FAME increased
(P < 0.001) with lowland grass-only diets by more than 3.3-fold,
whereas the 18:1trans-4-trans-9 isomers were moderately re-
duced, particularly in group B (P < 0.01), compared with C cows
(Table 4). During the alpine period, compared with the lowland
values in groups P and B, the double-peak comprising 18:1trans-
11 (trans-vaccenic acid) clearly decreased, whereas the concen-
tration of the 18:1trans-4 to trans-9 in total FAME significantly
increased. The proportion of 18:1cis-9, as the dominating 18:1,
remained unaffected by the grass-only diets in the lowlands but
was elevated at high altitude by 32% (P < 0.001) compared with
the lowland values in P and B cows.

CLA in milk. All identified CLA isomers increased markedly
as a proportion of the total FAME when grass-only diets were
fed in groups P and B (P < 0.001; Table 4). Accordingly, during
the lowland periods, the proportion of the main isomer, 18:2 cis-
9,trans-11, was on average 1.9-fold higher in milk fat of P and B
cows than in the milk of C cows. From S0 to S1, CLA increased
in both P and B cows (P < 0.001); from S1 to S2 a further in-
crease occurred only in P cows (P < 0.05). This was the reason
for the significant difference between P and B cows in the low-
land period (P < 0.01; Table 4, Fig. 4). During the alpine sojourn,
the concentration of the main CLA isomer, 18:2 cis-9,trans-11,
in total FAME decreased (P < 0.01), whereas the 18:2 trans-
11,cis-13 isomer significantly increased in the P and B groups
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TABLE 3
Daily Intake and Metabolic Traits of Cows During the Experimental Periodsa

Lowland period Alpine period
(avg. of S1 and S2) (avg. of S3 and S4) Significances

Group Control Barn Pasture Control Barn Pasture SEb Groupc Period (altitude)d Group  × periodc

Intake
(per cow per day)e,f

DM (kg) 18.2a 16.9a,b 16.4b 18.3a 13.8c 13.7c 0.52 <0.001 <0.001 <0.01
FA (g)
Total FA 597 238* 254* 580 169* 161* 19.3 <0.001 <0.001 NSh

Saturated FA 342.9 45.5* 46.5* 325.3 38.2* 37.5* 14.70 <0.001 <0.001 NS
18:1∆9 56.3 5.74* 8.05* 54.9 8.54* 8.34* 1.695 <0.001 <0.01 NS
18:1∆11 3.26 0.97* 1.11* 3.17 0.93* 0.93* 0.112 <0.001 <0.05 NS
18:2n-6 114.0 44.4* 49.0* 112.3 34.7* 32.9* 3.37 <0.001 <0.001 NS
18:3n-3 80.4b 138.2a 148.5a 83.3b 82.8b 79.8b 5.53 <0.001 <0.001 <0.001

Blood plasma
concentrationse,f

BHBg (mmol/L) 477d 667c 638c,d 510c,d 921b 1119a 35.0 <0.001 <0.001 <0.01
NEFAg (mmol/L) 93c 64c 137b 60c 94c 203a 18.0 <0.001 <0.05 <0.05
Glucose (mmol/L) 3.23 3.20 3.02* 3.19 2.92* 2.92* 0.057 <0.05 <0.01 NS
Insulin (pmol/L) 71.2 55.0* 37.1* 66.9 30.2* 24.1* 3.99 <0.001 <0.001 NS

an = 12 per group and period.
bStandard error of groups.
cEvaluated by model 1.
dEvaluated by model 3 (without control).
eSuperscript roman letters a–d indicate significant differences (P < 0.05) between group × period interaction means according to model 1.
fValues marked with asterisks are significantly different (P < 0.05) from the respective control group value according to model 1.
gBHB, β-hydroxybutyrate; NEFA, nonesterified FA.
hNS, not significant; for other abbreviation see Table 2.



(P < 0.001). In S5, the CLA concentration and secretion returned
to the baseline value (Fig. 4).

Linolenic acid in milk. Whereas the γ-linolenic acid (18:3n-
6) proportion of total FAME decreased with grass-only diets
(P < 0.01) in the lowland period, the concentration of α-linole-
nic acid (18:3n-3) increased by 34% (P < 0.001; Table 4).
Slightly lower 18:3n-3 proportions were observed for B cows
compared with P cows (P < 0.01) and for S2 compared with
S1 (P < 0.05; Fig. 5). After transfer to the alpine site, 18:3n-3
proportions of total FAME of pastured cows (group P) were
0.63-fold higher compared with the respective lowland levels

(P < 0.001) and 1.14-fold higher than the value found in the C
group (P < 0.001). The increase in B cows was less pro-
nounced. The analysis of the milk samples obtained directly
before and after the transfer to the alps showed that the increase
of 18:3n-3 proportion was a direct response to the alpine so-
journ rather than a continuous time effect of grass feeding (Fig.
5). In contrast to the proportionate values, the absolute daily
18:3n-3 secretion with milk remained unaffected by feeding
grass to cows kept in barn. The pastured cows still showed a
significantly higher daily 18:3n-3 secretion in the lowlands
(P < 0.01) and at the alpine site (P < 0.001) compared with the

196 F. LEIBER ET AL.

Lipids, Vol. 40, no. 2 (2005)

TABLE 4
FA Content of Milk, FA Profile of Milk Fat, and αα-Tocopherol Content of Milka

Lowland period Alpine period
(avg. of S1 and S2) (avg. of S3 and S4) Significances

Group Control Barn Pasture Control Barn Pasture SEb Groupc Period (altitude)d Group × periodc

Total FAMEe (g/L) 41.1b 43.8a,b 41.3b 40.1b 46.0a,b 47.0a 1.76 NSi <0.001 <0.05

FAe,f (g/100 g FAME)
4:0 3.48b 3.48b 3.55b 3.26c 3.89a 3.55b 0.071 <0.05 <0.01 <0.001
6:0 2.37b 2.55a 2.55a 2.19c 2.17c 2.04d 0.033 NS <0.001 <0.01
8:0 1.31b 1.52a 1.53a 1.21c 1.06d 1.02d 0.020 NS <0.001 <0.001
10:0 2.74b 3.46a 3.54a 2.53b 1.91c 1.95c 0.011 NS <0.001 <0.001
12:0 3.14b 4.04a 3.85a 3.00b 2.23c 2.09c 0.067 NS <0.001 <0.001
14:0 10.7b 12.1a 11.5a,b 10.8b 9.5c 8.5d 0.25 <0.05 <0.001 <0.001
16:0 34.0 29.3* 25.3* 33.7 29.5* 25.4* 0.79 <0.001 NS NS
17:0 0.627c 0.875a 0.843a,b 0.642c 0.811b 0.843a,b 0.0089 <0.001 <0.05 <0.05
18:0 10.2b,c 9.3c 10.1b,c 9.4c 10.4b 11.8a 0.25 <0.01 <0.001 <0.001
18:1t4-t8 0.249b 0.185c 0.236b,c 0.238b,c 0.285a,b 0.313a 0.0161 NS <0.001 <0.01
18:1t9 0.426a,b 0.309c 0.328b,c 0.422a,b 0.450a 0.469a 0.0256 NS <0.001 0.05
18:1t10-11 0.84d 3.34a 4.01a 0.73d 2.37c 3.12b 0.219 <0.001 <0.001 <0.05
18:1t12 0.182 0.191 0.185 0.166 0.187 0.177 0.0090 NS NS NS
18:1c9 18.8b,c 16.4c 18.3c 20.2b,c 21.6a,b 24.1a 0.88 NS <0.001 <0.001
18:1c11 0.477 0.399 0.460 0.541 0.576 0.653 0.0371 NS <0.001 NS
18:1c12 0.160 0.092* 0.095* 0.174 0.101* 0.117* 0.0042 <0.001 <0.001 NS
18:2c9,t11g 0.529c 1.370b 1.705a 0.551c 1.163b 1.340b 0.098 <0.001 <0.01 <0.05
18:2t9,t11 0.041 0.082* 0.088* 0.045 0.077* 0.085* 0.0032 <0.001 NS NS
18:2t10,c12 0.038c 0.046b 0.044b,c 0.041b,c 0.042b,c 0.051a 0.0020 <0.05 NS <0.05
18:2t11,c13h 0.020c 0.073b 0.073b 0.020c 0.102a 0.114a 0.0072 <0.001 <0.001 <0.05
18:2n-6 1.38b 0.84c 0.94c 1.31b 1.42b 1.57a 0.040 <0.01 <0.001 <0.001
18:2c9,c15 0.033c 0.049b 0.047b 0.032c 0.050b 0.054a 0.0011 <0.001 <0.01 <0.05
18:3n-6 0.028a 0.021b 0.021b 0.029a 0.017c 0.018c 0.0009 <0.001 <0.001 <0.05
18:3n-3 0.495d 0.619c 0.703c 0.536d 0.950b 1.146a 0.030 <0.001 <0.001 <0.001
20:0 0.162b 0.136c 0.139c 0.171b 0.183a,b 0.200a 0.0054 NS <0.001 <0.001
20:4n-6 0.077 0.071 0.066* 0.083 0.073* 0.066* 0.0020 <0.001 NS NS
20:5n-3 0.060 0.073* 0.083* 0.065 0.083* 0.083* 0.0038 <0.001 NS NS
22:5n-3 0.078 0.113* 0.109* 0.085 0.118* 0.120* 0.0048 <0.001 NS NS
22:6n-3 ND 0.009* 0.009* ND 0.010* 0.009* 0.002 <0.001 NS NS
Total n-3 0.81d 1.32c 1.43c 0.85d 1.64b 1.98a 0.056 <0.001 <0.001 <0.001
Total n-6 2.18b 1.62c 1.77c 2.11b 2.16b 2.36a 0.056 <0.05 <0.001 <0.001

n-6/n-3f 2.71 1.24* 1.24* 2.54 1.32* 1.21* 0.067 <0.001 NS NS

α-Tocopherolf (mg/L) 0.75 1.42* 1.37* 0.67 1.57* 1.57* 0.041 <0.001 <0.05 NS
an = 12 per group and period.
bStandard error of groups.
cEvaluated by model 1.
dEvaluated by model 3 (without control).
eSuperscript roman letters indicate significant differences (P < 0.05) between group × period interaction means according to model 1.
fValues marked with asterisks are significantly different (P < 0.05) from the respective control group value according to model 1. 
gIncluding the trans-8,cis-10 and trans-7,cis-9 isomers.
hPossibly including traces of the cis-9,cis-11 isomer.
iNS, not significant; ND, not detected.
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FIG. 1. Average intake of net energy and α-linolenic acid throughout the entire experiment. S0 and S5 baseline
subperiods; S1 and S2, lowland subperiods; S3 and S4 alpine subperiods. l Pasture group; s indoor grass group;
n control group; n = 6 per group. Dotted lines indicate that half of the cows were switched between pasture and
indoor group. Dashed lines mark the day of transport of the grass-fed cows to the alpine location. Error bars repre-
sent SE. Different superscripts indicate significant group differences at P < 0.05.

FIG. 2. Average body weight and milk yield throughout the entire experiment. S0 and S5 baseline subperiods; S1
and S2, lowland subperiods; S3 and S4 alpine subperiods. l Pasture group; s indoor grass group; n control group;
n = 6 per group. Dotted lines indicate that half of the cows were switched between pasture and indoor group.
Dashed lines mark the day of transport of the grass-fed cows to the alpine location. Error bars represent SE. Differ-
ent superscripts indicate significant group differences at P < 0.05.

FIG. 3. Concentrations of medium-chain saturated FA in milk throughout the entire experiment. S0 and S5 baseline
subperiods; S1 and S2, lowland subperiods; S3 and S4 alpine subperiods. l Pasture group; s indoor grass group;
n control group; n = 6 per group. Dotted lines indicate that half of the cows were switched between pasture and
indoor group. Dashed lines mark the day of transport of the grass-fed cows to the alpine location. Error bars repre-
sent SE. Different superscripts indicate significant group differences at P < 0.05.



control cows. In S5, 18:3n-3 concentration returned to the base-
line value (Fig. 5).

Long-chain PUFA in milk. Concentrations of the long-chain
n-3 PUFA (EPA, 20:5n-3; docosapentaenoic acid, 22:5n-3;
DHA, 22:6n-3) were higher in milk samples of the grass-only
groups than in C cows (P < 0.01), whereas 20:4n-6 (arachi-
donic acid) was somewhat lower in P and B cows (Table 4).
The ratio of all n-6/n-3 PUFA was diminished by half in P and
B compared with C. The long-chain PUFA responded neither
to the alpine sojourn (Table 4) nor to the stage of vegetation
(data not shown). 

Phytanic acid. Phytanic acid concentration in milk fat, which
was analyzed in a smaller subset of samples (S2, transition pe-
riod, and S3), was markedly higher with grass-only feeding com-
pared with the control diet (P < 0.001; Fig. 6). There was a slight,
but not significant, additional increase with alpine sojourn. 

α-Tocopherol. The α-tocopherol concentration was 0.86-
and 1.31-fold higher in milk of P and B cows than that of C

cows during the lowland and the alpine period, respectively (P
< 0.001; Table 4). In S5, the values of the previously grass-fed
groups dropped nearly to the baseline level (from 1.57 mg/L in
S4 to 0.95 mg/L in S5; the baseline value in S0 had been 0.79
mg/L for P and B on average).

DISCUSSION

Impact of feeding grass only on milk FA profile. In the lowland
period, turnout to pasture and the concurrent start of feeding only
grass in the barn did not markedly change the net energy intake
relative to controls but clearly altered the amount and composi-
tion of the ingested lipids and the FA composition of the milk
lipids. The intake of SFA, 18:1, and 18:2n-6 declined for groups
P and B in the lowlands, since the concentrates and the included
rumen-protected fat, maize, and cereals were no longer avail-
able. In turn, 18:3n-3-intake was nearly doubled (Fig. 1). 

Among the unsaturated FA, 18:3n-3 is one of those most
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FIG. 4. Milk concentrations and daily excretion of CLA (18:2c9,t11) throughout the entire experiment. S0 and S5
baseline subperiods; S1 and S2, lowland subperiods; S3 and S4 alpine subperiods. l Pasture group; s indoor grass
group; n control group; n = 6 per group. Dotted lines indicate that half of the cows were switched between pasture
and indoor group. Dashed lines mark the day of transport of the grass-fed cows to the alpine location. Error bars
represent SE. Different superscripts indicate significant group differences at P < 0.05.

FIG. 5. Milk concentrations and daily excretion of α-linolenic acid (18:3n-3) throughout the entire experiment. S0
and S5 baseline subperiods; S1 and S2, lowland subperiods; S3 and S4 alpine subperiods. l Pasture group; s, in-
door grass group; n control group; n = 6 per group. Dotted lines indicate that half of the cows were switched be-
tween pasture and indoor group. Dashed lines mark the day of transport of the grass-fed cows to the alpine loca-
tion. Error bars represent SE. Different superscripts indicate significant group differences at P < 0.05.



susceptible to ruminal biohydrogenation (29). Up to 99% of the
dietary 18:3n-3 can be partially or completely hydrogenated
(30). Main derivatives of 18:3n-3 biohydrogenation are
18:1trans-11 and 18:0 (31), which are partly desaturated at the
∆9 position to cis-9,trans-11 CLA and 18:1cis-9, respectively,
in the mammary gland (32). As a consequence, under normal
ruminal conditions, the high proportion of 18:3n-3 in grass-
only diets explains the elevated contents of CLA and
18:1trans-11 in milk fat as also found in the current study (Fig.
4, Table 4). However, the increase of cis-9,trans-11 CLA dur-
ing lowland grazing in our case was even more pronounced
than in other studies (3,10,11,33). We did not find a substantial
reduction of CLA in milk fat when harvested grass was fed in-
stead of grazing, as has been previously described by Elgersma
et al. (34), but this is probably a problem related to the wilting
during storage (15), which we had carefully avoided. 

The small proportion of 18:3n-3 passing by the rumen may
appear in milk in its native form or in the form of endogenous
derivatives (20:5n-3, 22:5n-3, and 22:6n-3; 35). Accordingly,
all 20- and 22n-3 PUFA were higher in the milk fat of grass-
only fed cows compared with the control. However, the mod-
erate increase of these n-3 PUFA proportion found in milk fat
in the lowland period of the present study (Table 4) did not re-
flect the massive increase in 18:3n-3 intake of cows fed only
grass (Fig. 1; Table 3). This underlines the high extent and rel-
evance of the biohydrogenation of 18:3n-3 during the lowland
period. We assume that the supply of fermentable energy dur-
ing this period was sufficiently high to support extensive bio-
hydrogenation. Furthermore, mobilized body fat, as indicated
by the decrease in body weight (Fig. 2) and the significantly
higher NEFA concentration in plasma of the pasture group
(Table 3), may have contributed to the 18:3n-3 in milk fat (36).
Thus, the actual recovery of ingested 18:3n-3 in the milk can
be assumed to be even lower than the apparent recovery.

The relatively sharp increase in the proportion of 6:0 to 14:0

in milk of P and B cows at the beginning of the lowland period
(Fig. 3) may be explained by a shift in ruminal production from
propionate to acetate, when all concentrates were withdrawn
since acetate is the substrate for the FA de novo synthesis in the
mammary gland. The subsequent continuously decreasing
amount of medium-chain SFA might have been a result of a de-
creased energy intake and mobilization of body fat stores at the
expense of de novo synthesis. However, as a moderate decrease
of these medium-chain SFA also occurred in the control group,
which was not exposed to dietary changes, a general effect
linked to the progression of lactation may be assumed.

Impact of feeding alpine grass on the milk FA profile. Un-
like Kraft et al. (3), we found that cis-9,trans-11 CLA and
18:1trans-11 concentrations in milk fat were not further ele-
vated when P and B cows received alpine instead of lowland
grass (Fig. 4). These are not necessarily conflicting results, be-
cause other influencing factors apart from alpine effects cannot
be excluded, since Kraft et al. (3) compared milk from differ-
ent herds. Ferlay et al. (12) found a considerable reduction of
CLA after 3 wk of alpine grazing and related this to the stage
of plant development (17). In the present experiment, no corre-
sponding effect of stage of vegetation occurred at any experi-
mental site (Fig. 4). In contrast to what was indicated by the re-
sults of Fievez et al. (11), there was also no noticeable effect of
forage biodiversity on the CLA concentration. Thus, feeding
only grass, irrespective of site and vegetative stage, may per se
be a main contributor to high cis-9,trans-11 CLA proportions
in milk fat. Whereas the main isomer, cis-9,trans-11, slightly
declined owing to alpine feeding, the trans-11,cis-13 isomer
was further increased, making it an interesting marker and po-
tential target of experiments elucidating its possible physiolog-
ical effects. 

The 18:3n-3 contents of forages were described to decrease
with maturation of the grass (37). In the present study, this was
also found in the alpine grass (6.81 vs. 4.13 g 18:3n-3/kg DM
for young vs. mature grass) but not in the lowlands (6.76 vs.
9.01 g 18:3n-3/kg DM). Furthermore, Lolium perenne and Tri-
folium repens, two of the dominant species in the lowland pas-
ture (Table 1), contain far higher contents of 18:3n-3 than many
other grasses and legumes (37). The absence of these species
and the on-average higher maturity of the alpine forages (27)
may at least partly explain the lower 18:3n-3 proportion in total
FAME of the alpine grass. Together with alpine-specific
anorexia of the cows (27), this drastically decreased 18:3n-3
intake (Fig. 1). In contrast to this, the most surprising and, with
respect to human nutrition, most important effect of the alpine
sojourn was the sharp increase of 18:3n-3 concentrations in
milk fat, which in our case was definitely not related to the
18:3n-3 supply from food as suggested elsewhere (3,17).

Three hypotheses will be discussed here that could explain,
alone or in combination, this discrepancy between intake of
18:3n-3 and its concentration in milk fat. One hypothesis (i) is
that body fat mobilization with a preference for 18:3n-3 took
place as a result of the energy deficiency associated with high al-
titude. The other hypotheses are that ruminal biohydrogenation
activity was reduced by either energy deficiency (ii) or specific
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FIG. 6. Phytanic acid concentration in milk fat. S2, lowland period; S3,
alpine period. l Pasture group; s indoor grass group; n control group;
n = 6 per group. Dotted lines indicate that half of the cows were
switched between pasture and indoor group. Dashed line marks the day
of transport of grass-fed cows to the alpine location. Error bars represent
SE. Different superscripts indicate significant differences at P < 0.05.



secondary plant ingredients that inhibit ruminal microbes (iii).
The fact that less than 10% of 18:3n-3 escapes biohydrogenation
in the rumen (30) makes it likely that even small changes in the
ruminal ecosystem, influencing hydrogenating microbes, may
have large effects on the amount of 18:3n-3 available at the duo-
denum. 

(i) Metabolic energy deficiency related to altitude. One key
issue might be the decrease in energy intake of the cows trans-
ferred to the alpine site. Although cows partially reduced the
energy deficit by a sharp decline in milk yield, as found in pre-
vious studies (27,38), there were several indications of a per-
sisting metabolic energy deficit such as decreased plasma glu-
cose and insulin levels and increased body fat mobilization (as
indicated by elevated plasma NEFA and BHB levels). Mobi-
lization of body fat depots is typical for cows kept in high
alpine regions (27,39), and a preferential release of 18-PUFA
from body fat was observed in undernourished ruminants (36).
This would suggest that the elevated 18:3n-3 concentrations in
the milk fat obtained in the alpine period (Fig. 5) could origi-
nate at least partially from body fat. This hypothesis is under-
lined by the fact that 18:3n-3 was even more highly concen-
trated in the P cows because grazing activity is assumed to
cause additional energy expenditure in this hypoxic and uneven
environment (38). The differences in plasma BHB and NEFA
concentrations between the P and the B group during the alpine
period further support this explanation. The higher proportion
of 18:1cis-9 in the alpine milk vs. control and of the milk from
P vs. B cows also fits this hypothesis, because 18:1cis-9, the
major FA in depot fat, is likely to be released from body stores. 

(ii) Ruminal energy deficiency. Kelly et al. (33) considered
ruminal ecosystem changes to be responsible for alterations in
PUFA proportions of milk fat. In our study, in response to the
nutritional energy deficiency during the alpine period in groups
P and B (here: lack of fermentable organic matter), the rumen
microbial capacity for biohydrogenation may have been re-
duced and more 18:3n-3 could have remained available for ab-
sorption. This would explain the negative response of cis-
9,trans-11 CLA and 18:1trans-11 to alpine sojourn on the one
hand and the positive response of 18:3n-3 on the other hand,
which was found when comparing lowland and alpine milk
samples derived from the grass-fed cows in our experiment
(Table 4; Figs. 4 and 5). Milk of cows having restricted access
to pasture was reported to have lower 18:3n-3 and increased
18:1trans-11 and cis-9,trans-11 CLA proportions when the an-
imals were supplemented with grain (10). Also, Sasaki et al.
(30) reported an increase of ruminal biohydrogenation of
18:3n-3 in sheep from 93 to 99% when a roughage-only diet
was supplemented with concentrate at 400 g/kg. This supports
the assumption of fermentable organic matter being one key
factor for milk FA profile.

Both the mobilization hypothesis and the hypothesis of a re-
duced ruminal biohydrogenation are based on the presence of a
serious energy deficiency during high-altitude grazing, which
is underlined by many variables concerning performance and
metabolic profile. Data are consistent with those of Agenäs et
al. (9) where, at turnout to pasture, an impaired energy balance

of the cows was associated with elevated 18:3n-3 concentra-
tions in milk.

(iii) Inhibition of ruminal biohydrogenation by dietary com-
ponents. Another explanation, which would rely on a specific
high-alpine phenomenon, is the assumption that typically high
concentrations of secondary plant ingredients, such as polyphe-
nols and terpenoids (40,41) as well as others, may inhibit hy-
drogenating microorganisms in the rumen. Tannins were
shown to inhibit several strains of Butyrivibrio fibrisolvens
(42), one of the most important biohydrogenating ruminal bac-
teria species (31). On the other hand, the findings of Dewhurst
et al. (43) that 18:3n-3 biohydrogenation was reduced when
feeding Trifolium pratense instead of T. repens suggest that
plant constituents other than tannins also may influence biohy-
drogenation. In the present study, T. pratense was the most
abundant legume in the alpine pasture but made up only 1.6%
of the lowland forage. We assume that a complex interaction of
different factors determines CLA and 18:3n-3 concentrations
in milk rather than a monofactorial alpine mechanism. This im-
plies that CLA and 18:3n-3 may be variable across milks from
different alpine origins, which also may explain part of the dif-
ferences between studies.

All hypotheses discussed to explain the higher 18:3n-3 con-
centrations in alpine pasture-derived milk fat would include the
expectation of enhanced 20:5n-3 (EPA) and 22:6n-3 (DHA)
content too, as 18:3n-3 can be converted to some extent into
these FA in mammals (35). Although all 20- and 22n-3 PUFA
were significantly higher in milk of groups P and B compared
with group C and thus showed a diet effect, no additional ef-
fect of the alpine sojourn was found. It can be speculated that
the maximal transfer rate was already reached at the 18:3n-3
concentration met in the lowlands by groups P and B. Further-
more, the transfer of PUFA from blood into milk also has to be
considered: In particular, 20 and 22n-3 PUFA are reported to
be preferentially bound to phospholipids in lipoproteins and
therefore are hardly cleaved by lipoprotein lipases in the mam-
mary gland. This could explain the low transfer rate into milk
(44). The answer to the question—Which are the limiting fac-
tors of EPA and DHA synthesis and secretion?—is not yet clear
(44), but it seems relevant to examine this question, since these
n-3 PUFA are of an even higher specificity and importance for
human health than 18:3n-3 (35). 

Phytanic acid. This branched-chain 20:0 FA, being present
in the plasma lipids of cows in proportions as high as 130 g/kg
total FA (45), was strongly discriminated for by the mammary
gland and was found in milk fat in concentrations between 10
and 500 mg/kg (46). The markedly increased values that were
reached on pasture in the present study are at the upper limit of
the literature values for butter as reviewed by Brown et al. (46).
Similar to CLA, phytanic acid is supposed to act as a gene tran-
scription factor and is assumed to exert antidiabetic effects
(47). However, in this context a general risk of consuming
higher amounts of phytanic acid for Refsum’s disease patients,
who suffer from inherited disorders of peroxisomal α-oxida-
tion (48), must be considered. 

α-Tocopherol. A reduced oxidative stability may be a prob-
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lem in PUFA-rich milk lipids (49), including technological, fla-
vor-related, and human health aspects. Our results indicate that
pasture in any form obviously provides high amounts of α-to-
copherol for milk synthesis and that its concentration is even
higher in milk derived from alpine pasture. The α-tocopherol
concentrations in pasture-derived milk were much higher than
the minima suggested by Al-Mabruk et al. (49) to ensure a fa-
vorable oxidative stability of milk. According to Jensen et al.
(50), α-tocopherol is actively secreted into the milk, and its
daily amounts excreted with milk remain constant at levels be-
tween 20 and 30 mg/d. Indeed, in the grass-only fed cows, the
absolute excretion of α-tocopherol per day with milk was on
average higher during the lowland than during the alpine pe-
riod. Thus, the significantly higher concentrations in milk pro-
duced during the alpine period were mainly a consequence of
the reduced milk yield. On the other hand, the control cows on
average did not reach a level of 20 mg α-tocopherol excretion
per day, suggesting that the supply with this diet was too low
to reach the naturally determined range.

General implications. Concerning high CLA and n-3 PUFA
contents, a low n-6/n-3 ratio, and low concentrations of SFA,
the alpine milk in this study, as in previous studies, constituted
a more favorable FA pattern than conventionally produced low-
land milk (2,3,8). However, levels of cis-9,trans-11-CLA were
not different from milk obtained with lowland grazing, even
though this pasture was intensively managed and poor in
species diversity. We therefore conclude that the effects on this
CLA isomer and on 18:1trans-FA are linked to grazing in gen-
eral rather than being the result of a specific alpine pasture ef-
fect. In agreement with Kraft et al. (3), the same seems to hold
true for the long-chain PUFA (20:5, 22:5, and 22:6 n-3). The
situation is obviously different for 18:3n-3, which was
markedly elevated by the alpine conditions, thus confirming
previous findings (3,4). However, the real nature of the alpine
grazing effect on 18:3n-3 concentration in milk still has to be
elucidated. Where specific plant constituents are one of the
major reasons affecting CLA and n-3 PUFA contents, strate-
gies to increase 18:3n-3 further would be applicable also for
lowland milk production systems. Where energy deficiency is
the major driving factor, there would be only a very limited po-
tential since a conflict would arise between product quality and
animal welfare. 
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ABSTRACT: A flow injection analysis (FIA) system coupled with
a fluorescence detection system using diphenyl-1-pyrenylphos-
phine (DPPP) was developed as a highly sensitive and repro-
ducible quantitative method of total lipid hydroperoxide analysis.
Fluorescence analysis of DPPP oxide generated by the reaction
of lipid hydroperoxides with DPPP enabled a quantitative deter-
mination of the total amount of lipid hydroperoxides. Use of 1-
myristoyl-2-(12-((7-nitro-2-1,3-benzoxadiazol-4-yl)amino) dode-
canoyl)-sn-glycero-3-phosphocholine as the internal standard im-
proved the sensitivity and reproducibility of the analysis. Several
commercially available edible oils, including soybean oil, rape-
seed oil, olive oil, corn oil, canola oil, safflower oil, mixed veg-
etable oils, cod liver oil, and sardine oil were analyzed by the FIA
system for the quantitative determination of total lipid hydroper-
oxides. The minimal amounts of sample oils required were 50 µg
of soybean oil (PV = 2.71 meq/kg) and 3 mg of sardine oil (PV =
0.38 meq/kg) for a single injection. Thus, sensitivity was sufficient
for the detection of a small amount and/or low concentration of
hydroperoxides in common edible oils. The recovery of sample
oils for the FIA system ranged between 87.2 ± 2.6% and 102 ±
5.1% when PV ranged between 0.38 and 58.8 meq/kg. The CV
in the analyses of soybean oil (PV = 3.25 meq/kg), cod liver oil
(PV = 6.71 meq/kg), rapeseed oil (PV = 12.3 meq/kg), and sar-
dine oil (PV = 63.8 meq/kg) were 4.31, 5.66, 8.27, and 11.2%,
respectively, demonstrating sufficient reproducibility of the FIA
system for the determination of lipid hydroperoxides. The squared
correlation (r2) between the FIA system and the official AOCS
iodometric titration method in a linear regression analysis was es-
timated at 0.9976 within the range of 0.35–77.8 meq/kg of PV (n
= 42). Thus, the FIA system provided satisfactory detection limits,
recovery, and reproducibility. The FIA system was further applied
to evaluate changes in the total amounts of lipid hydroperoxides
in fish muscle stored on ice.

Paper no. L9651 in Lipids 40, 203–209 (February 2005).

Lipid oxidation occurring in food is a major cause of quality
deterioration in flavor, texture, consistency, and appearance. It
is also a decisive factor in the causes of aging and some dis-
eases (1). Since lipid oxidation is one of the most important
problems in food chemistry, a great deal of research has been
devoted to its mechanisms and the development of effective

antioxidants. Although various methods have been proposed to
measure hydroperoxides, the instability and diversity of hy-
droperoxides in a complex food system becomes a hindrance
to an accurate and simple analysis. The widely accepted iodo-
metric titration (2,3) and the enzymatic assay (4) have inherent
problems such as sensitivity, selectivity, and interference with
contaminants. It is therefore very important and necessary to
develop more efficient analytical methods to evaluate lipid per-
oxidation in complex food systems.

In the analysis of hydroperoxides by HPLC, quantitative de-
termination by UV light absorption at around 235 nm is based
on the oxidation reaction of the conjugated double bond of the
lipid (5). However, with respect to applications evaluating the
early stage of lipid oxidation, there are problems involving
specificity and detection sensitivity. In response to these prob-
lems, Yamada et al. (6) used an electrochemical detection
method that utilized the redox potential of hydroperoxides to
detect the primary lipid peroxidation product. However, the de-
tection sensitivity was inadequate to analyze trace amounts of
lipid hydroperoxides. One solution to this problem involves a
postcolumn chemiluminescence detection based on luminol or
isoluminol oxidation during the reaction of hydroperoxide and
cytochrome C (7,8). Some applications to biological systems
also have been reported (9–11). Generally, nonpolar solvent
systems based on n-hexane are used in HPLC for the separa-
tion of hydroperoxide positional isomers (12). However, a post-
column reaction of luminol to luminol oxide progresses only
under aqueous alkaline conditions (9). Therefore, the number
and types of organic solvents used for the mobile phase are rel-
atively limited, since hydrophobic nonpolar solvent mixtures
do not mix well with hydrophilic luminol reagents in a postcol-
umn reaction coil.

Diphenyl-1-pyrenylphosphine (DPPP) is a fluorescence
reagent that reacts specifically with various lipid hydroperox-
ides to form DPPP oxide, even in the presence of lipid alco-
hols. The DPPP oxide is excited at 352 nm of UV light and
gives the emission wavelength (λem) of 380 nm. The DPPP so-
lution has been confirmed as having sufficient stability by hold-
ing it at –25°C in the dark. The stability of DPPP itself has been
maintained for more than 20 mon at 5°C in the dark (13). This
reaction progresses in different types of solvents (14). A few
applications of this system have already been reported for the
analyses of hydroperoxides of TAG, cholesterol, cholesterol
esters, and phospholipids in biological systems (15–20). This
method has also been applied to analyze the distributions of
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hydroperoxide isomers of FAME (21–24). However, since
various lipid classes coexist in food, separating and analyzing
each hydroperoxide with a different chemical structure is com-
plicated. Therefore, a simultaneous method that can determine
total lipid hydroperoxides in food and other complex systems
is required.

The aim of this study was to establish an accurate and sim-
ple analytical methodology that could enable the quantitative
determination of total amounts of lipid hydroperoxides in com-
plex food systems. For the analytical method proposed in this
study, an HPLC separation column was replaced by a stainless-
steel reaction coil, and an appropriate internal standard was in-
troduced to facilitate study of the total lipid hydroperoxide con-
tents.

MATERIALS AND METHODS

Chemicals and materials. DPPP was purchased from Dojindo
Laboratories Co., Ltd. (Kumamoto, Japan). BHT was pur-
chased from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). 1-
Myristoyl-2-(12-((7-nitro-2-1,3-benzoxadiazol-4-yl)amino)do-
decanoyl)-sn-glycero-3-phosphocholine (NBD-labeled PC)
was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).
Methanol of HPLC grade from Kokusan Chemical Co., Ltd.
(Tokyo, Japan) and 1-butanol from Kishida Chemical Co., Ltd.
(Osaka, Japan) were used after degassing. All other chemicals
were of analytical grade.

Commercially available soybean oil (Miyazawa Yakuhin
Co., Ltd., Tokyo, Japan), rapeseed oil (Yamahiko Hayasi Co.,
Tokyo, Japan), olive oil, corn oil, canola oil, safflower oil (Aji-
nomoto Co., Inc., Tokyo, Japan), mixed vegetable oils (Nisshin
Oillio Ltd., Tokyo, Japan), cod liver oil (Toho Co., Tokyo,

Japan), and sardine oil (extracted and purified in the laboratory)
were used as sample oils. Briefly, sardine oil was extracted by
the Bligh and Dyer procedure (25) and purified by open col-
umn chromatography (72 cm length × 6 cm i.d.) on Spherical
silica gel 60 40–50 µm, Kanto Chemical Co. Inc., Tokyo,
Japan) using n-hexane followed by 5% (vol/vol) diethyl ether
in n-hexane as the eluates.

The flow injection analysis (FIA) system. A diagram of the
FIA system with a fluorescence detection system using DPPP
is illustrated in Figure 1. The mobile phase (a mixture of 200
mL of 1-butanol and 100 mL of methanol) was passed through
a Shimadzu model LC-9A HPLC pump (Kyoto, Japan) at a
flow rate of 0.5 mL/min and subsequently transferred to a stain-
less-steel reaction coil (0.25 mm i.d. × 40 m) immersed in a
water bath (NTT-1400; Eyela, Tokyo, Japan) controlled at
89°C. The nonfluorescent DPPP reagent reacted with lipid hy-
droperoxides to produce fluorescent DPPP oxide quantitatively
in the coil. After the reaction, the eluent from the coil was
cooled by passing it through a short stainless-steel coil (0.25
mm i.d. × 1 m) immersed in an ice-water bath. At the inlet of
the reaction coil, a DPPP solution (5 mg of DPPP and 100 mg
of BHT dissolved in a mixture of 200 mL of 1-butanol and 100
mL of methanol) was pumped with a Shimadzu model LC-
10AS (Kyoto, Japan) and mixed with the eluent from the col-
umn in a T-connector. The DPPP solution, which was kept in a
brown bottle on ice in the dark, was pumped at a flow rate of
0.3 mL/min. The fluorescence intensity of the DPPP oxides
was monitored at 352 nm of excitation wavelength (λex) and at
380 nm of λem with a Shimadzu model RF 535 fluorescence
detector. The NBD-labeled PC used as an internal standard was
monitored at 460 nm of λex and at 534 nm of λem with a Shi-
madzu model RF-10A fluorescence detector, which was set in
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FIG. 1. A system diagram for flow injection analyses of total lipid hydroperoxides. BHT, butylated hydroxytoluene;
DPPP, diphenyl-1-pyrenylphosphine; I.S., internal standard. 



the flow line behind the first fluorescence detector. The fluores-
cence intensity signals were integrated with two Shimadzu
Chromatopac C-R6A chromatographic integrators. The injec-
tion volume was 20 µL, and all samples were analyzed in trip-
licate.

To find the most appropriate flow rates for the mobile phase
as well as the DPPP solution, a mixture of 0.03 mg of sardine
oil (PV = 82 meq/kg) and the internal standard (4.82 nmol) was
dissolved in 10 mL of chloroform and introduced into the FIA
system. Flow rates of the mobile phase and DPPP solution
were increased stepwise from 0.2 to 0.8 mL/min and from 0.03
to 0.5 mL/min, respectively. 

To evaluate the effects of the reaction coil temperature, each
of the 20-µL portions containing 0.2, 0.4, or 0.6 mg of rape-
seed oil (PV = 4.0 meq/kg) as well as 9.64 pmol of NBD-la-
beled PC was injected separately into the FIA system at the
range of 60 to 90°C.

Calibration curve. A calibration curve was used to determine
total lipid hydroperoxides with the FIA system in cod liver oils
with different degrees of peroxidation. Five solutions with dif-
ferent mixing ratios (0.2:1.0, 0.5:1.0, 1.0:1.0, 2.0:1.0, and
3.0:1.0, mL/mL) of cod liver oil (PV = 22.3 meq/kg, 1.0330 g
oil/10 mL chloroform) and the internal standard (4.82 nmol/mL
methanol) were prepared quantitatively. Each solution was made
up to 10 mL by chloroform, and each 20-µL portion was injected
separately into the FIA system in triplicate. 

Determination of PV. PV of the oils were determined by iodo-
metric titration according to AOCS Official Method Cd 8-53 (2).

Fish sample preparation. Cultured live yellowtail (Seriola
quinqueradiata) was obtained from a Misaki fishing port in
Kanagawa, Japan. The yellowtail were sacrificed and immedi-
ately stored on ice during 1 h of transportation to the labora-
tory. The fish muscle specimen was separated into dorsal, ven-
tral, and dark muscle. The separated muscle was thoroughly
minced with a model MK-K50 cooking cutter (National,
Tokyo, Japan) and stored on ice in polyethylene bags.

A 5-g portion of the fish muscle was extracted and purified
according to the method of Bligh and Dyer (25). A 1-mL solu-
tion of NBD-labeled PC (4.82 nmol/mL in methanol) was
added as an internal standard prior to homogenization. The ho-
mogenate was centrifuged at 1700 × g for 8 min at 4°C. The
lower layer was dehydrated by anhydrous sodium sulfate and
filtered through a membrane filter (PTFE 0.20 µm; Advantec
Toyo Roshi Kaisha, Ltd., Tokyo, Japan), and the filtrate thus
obtained was made up to 10 mL by chloroform. A 20-µL por-
tion of the sample solution containing 9.64 pmol of the internal
standard was injected into the FIA system to determine the total
lipid hydroperoxides.

Statistics. Measurements of hydroperoxide contents were
carried out in triplicate and are represented as the mean ± SD.
Student’s t-test (26) was used to distinguish significant differ-
ences among the mean values. A statistically significant differ-
ence was selected at P < 0.01. A simple linear regression was
calculated from the calibration curve, and the correlation be-
tween hydroperoxide contents obtained by the FIA system and
the iodometric titration method was evaluated.

RESULTS AND DISCUSSION

Flow rates. Effects of the flow rates of the mobile phase and
DPPP solution on peak areas are shown in Figure 2. The peak
area ratios of the oil decreased gradually with the increase in
flow rate of the mobile phase. Higher sensitivities in the detec-
tion of lipid hydroperoxides were obtained by reducing the
flow rates; however, flow rates below 0.3 mL/min caused the
constant flow by the pump to decline (Fig. 2B). On the other
hand, the peak area ratios increased gradually with an increase
in the flow rate of the DPPP solution up to 0.3 mL/min and
plateaued at flow rates over 0.4 mL/min (Fig. 2B). Thus, the
flow rates of the mobile phase and DPPP solution were set at
0.5 mL/min and 0.3 mL/min, respectively, to obtain sharp
peaks and stable baselines on the chromatograms. 

Reaction temperature. Changes in the peak area ratios were
plotted in terms of the temperature of the reaction coil and are
illustrated in Figure 3. For all the lines with different amounts
of hydroperoxides injected, the peak area ratios increased grad-
ually with an increase in reaction temperature. Indeed, the peak
area ratios obtained at reaction temperatures of 70, 80, and
90°C were 138–141, 183–191, and 250–253%, respectively, of
those obtained at 60°C. When the reaction temperature was in-
creased to 90°C, the peak area ratios did not plateau and still
tended to increase. The baselines of DPPP oxide and NBD-la-
beled PC on the chromatograms, however, became remarkably
unstable at temperatures over 91°C due to solvent boiling.
From the results of these preliminary examinations, the reaction
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FIG. 2. Effects of flow rates of the mobile phase (A) and the DPPP solu-
tion (B) on the peak area ratios of sardine oil with a PV of 82 meq/kg. A
20-µL portion of a sardine oil/chloroform solution (1.5 mg/mL) contain-
ing 9.64 pmol of 1-myristoyl-2(12-((7-nitro-2-1,3-benzoxadiazol-4-yl)
amino)dodecanoyl)-sn-glycero-3-phosphocholine (NBD-labeled PC)
was injected into the FIA system at a reaction coil temperature of 89°C.
For other abbreviation see Figure 1.



temperature was set at 89°C to obtain the highest reaction effi-
ciency under the present experimental conditions.

The FIA system. Several organic solvents, including chloro-
form, ethanol, methanol, acetone, benzene, diethyl ether, and
n-hexane, were investigated to find suitable injection solvents
for the FIA system. All injected solvents other than n-hexane
had no effects on the fluctuation in intensity and provided no
peaks on the baseline of the chromatogram. However, certain
solvent characteristics, such as the toxicity of methanol and
benzene, the insolubility of phospholipids in acetone and etha-
nol, and the flammability of diethyl ether, made certain injec-
tion solvents unsuitable for the FIA system. n-Hexane repre-
sented a small peak on the chromatogram when monitored at
352 nm of λex and at 380 nm of λem. The effects of n-hexane
on the peak signals of the sample were not negligible, espe-
cially for the analyses of small amounts and/or low concentra-
tions of hydroperoxides in the lipid samples. From these re-
sults, we concluded that chloroform was the most suitable sol-
vent for the FIA system (Fig. 4A). Additionally, the effects of
radical trapping agents such as BHT and α-tocopherol on the
fluorescence detection system were investigated. A chloroform
solution of 200 ppm BHT or 200 ppm α-tocopherol showed no
influence on the chromatogram (data not shown) as reported
previously (22,27).

The primary fluorescence spectra of the DPPP oxide and the
internal standard ranged between 360 and 410 nm and between
500 and 560 nm, respectively (data not shown), suggesting that
no interference occurred in excited fluorescence intensities be-
tween the DPPP oxide and the internal standard.

The chromatograms of fish oil and the internal standard
were monitored at the most suitable flow rates of the mobile
phase (0.5 mL/min) and the DPPP solution (0.3 mL/min) as
shown in Figures 4B and 4C, respectively. The retention times
of DPPP oxide and the internal standard were approximately
3.2 and 3.3 min, respectively. Thus, the total lipid hydroperox-
ides of the sample were determined as a single peak in a short

time. These results indicate that the FIA system is a rapid and
simple method for the determination of hydroperoxides in
lipids compared with the traditional iodometric determination.

Calibration curve. A calibration curve for the determination
of total lipid hydroperoxides is shown in Figure 5. A linear re-
lationship was obtained, with a squared correlation (r2) of
0.9977 between the peak area ratios and the molar ratios of
DPPP oxide peak areas and NBD-labeled PC. The minimal de-
tectable amount of total hydroperoxides on the calibration
curve was 24.0 pmol per injection.

Reproducibility and recovery. To obtain reproducibility in
the quantitative determination of hydroperoxides with the FIA
system, the hydroperoxide contents of several commercially
available edible oils were analyzed in replicate, as summarized
in Table 1. The CV for soybean oil, rapeseed oil, cod liver oil,
and sardine oil were 4.31, 8.27, 5.66, and 11.2%, respectively,
suggesting that the FIA system provided satisfactory repro-
ducibility for the quantitative determination of lipid hydroper-
oxides.

Recoveries of authentic cumene hydroperoxides previously
added to several edible oils were measured, as shown in Table
2. Recoveries ranged between 87.2 and 102%, suggesting that
the FIA system provided sufficient recovery and reproducibil-
ity for the determination of total lipid hydroperoxides in edible
oils.

Application to commercially available edible oils. The FIA
system was applied to the quantitative determination of total lipid
hydroperoxides in commercially available edible oils, including
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FIG. 3. Effects of reaction coil temperature on the peak area ratios of
DPPP oxide and NBD-labeled PC used as an internal standard. Twenty-
microliter portions containing 0.2 (-ll-), 0.4 (-ss-), or 0.6 mg (-nn-) of
rapeseed oils (PV = 4.0 meq/kg) were injected separately. 

FIG. 4. Typical chromatograms obtained by the FIA system. (A) Chloro-
form as an injection solvent; (B) DPPP oxide reacted with total lipid hy-
droperoxide in the total lipid extracted from ordinary muscle of yellow-
tail (ca. 0.8 mg oil/injection); (C) NBD-labeled PC used as an internal
standard (9.64 pmol/injection). 



soybean, rapeseed, olive, corn, canola, safflower, mixed veg-
etable, cod liver, and sardine oils. The hydroperoxide contents
determined by the FIA system were compared with those deter-
mined by the official AOCS iodometric titration method, as
shown in Figure 6. The simple linear regression curve, with r2 =
0.9976 (n = 42) between the hydroperoxide contents determined
by the FIA system and the iodometric titration method, sug-
gested that the FIA system could be used not only as a practical
alternative to the iodometric titration method but also as more
sensitive and specific methodology for the quantitative determi-
nation of trace amounts of lipid hydroperoxides.

Application to muscle lipids. Changes in total lipid hydroper-
oxides in the muscle of cultured yellowtail during iced storage
were measured with the FIA system and are illustrated in Figure
7. Although the total lipid hydroperoxide contents in the ventral

and dorsal muscle were low and remained unchanged, those in
the dark muscle contained significantly higher amounts of total
hydroperoxides (P < 0.01) compared with those of the ventral
and dorsal muscle throughout the storage time up to 4 d. These
results coincided well with those obtained by Nakamura et al.
(28), who reported that the PV of dark muscle were higher than
ordinary muscle in wild yellowtail. The total lipid hydroperox-
ide content became sixfold that of the ventral and dorsal muscle
after 4 d of storage, suggesting that the rate of lipid oxidation in
the edible part of whole muscle is mainly due to the high lipid
oxidation rate in the dark muscle. The off-flavor caused by ran-
cidity in the dark muscle was confirmed after 3 d (data not
shown) in this particular case, suggesting that lipid hydroperox-
ide contents determined by the FIA system offer an alternative
oxidative index that is more sensitive than sensory evaluation.

In the case of muscle foods with lipid contents of less than
1%, such as flatfish muscle, 500–1000 g of muscle would be re-
quired to extract 5–10 g of total lipids, which would be a mini-
mal amount for one iodometric titration for hydroperoxide deter-
mination. For the analyses in triplicate, at least 1500–3000 g of
muscle would be required. The FIA system required less than 1
g of muscle for an accurate and reproducible determination of
lipid hydroperoxide contents. Indeed, the present study showed
that the lipid hydroperoxide content in the ordinary muscle of
yellowtail with a total lipid content of 8% was approximately
200 neq/5 g muscle just after the fish were sacrificed; the hy-
droperoxide content of lipids was 0.5 meq/kg. To obtain the hy-
droperoxide content of ordinary yellowtail muscle by the iodo-
metric titration method, approximately 120 g of ordinary muscle
would be required for one titration trial, which is a disadvantage
of the iodometric method. In comparison, the FIA system re-
quired only 5 g of muscle for a single determination. In particu-
lar, the present FIA system showed sufficient sensitivity and re-
producibility to evaluate the early stage of oxidization of lean
fish muscle. 
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FIG. 5. A simple linear regression curve between the area ratios (DPPP
oxide/NBD-labeled PC) and the molar ratios (cod liver oil hydroperox-
ide/NBD-labeled PC). The minimal detectable amount of total hy-
droperoxide on the calibration curve was 24.0 pmol of hydroperoxide
per an injection.

TABLE 1
Reproducibility of Total Lipid Hydroperoxides by the Flow Injection Analysis (FIA) System

Soybean oil Cod liver oil Rapeseed oil Sardine oil

Meana (meq/kg) 3.25 6.71 12.3 63.8
SDb 0.14 0.38 1.02 7.17
CV (%) 4.31 5.66 8.27 11.2
an = 10 in all cases for all samples.
bSD of mean for all samples.

TABLE 2
Recovery of Total Lipid Hydroperoxides for the FIA System

Hydroperoxides (nmol/g oil)

Found in total
Oil (PV) Founda (n = 3) Addedb (n = 10) Recovery

Rapeseed oil (7.54 meq/kg) 7,540 ± 117 2,530 9,556 ± 603 94.9 ± 6.0
Sardine oil (0.38 meq/kg) 382 ± 39 2,726 3,189 ± 157 102.6 ± 5.1
Rapeseed oil (11.4 meq/kg) 11,413 ± 454 2,353 13,036 ± 1,172 94.7 ± 8.5
Sardine oil (58.8 meq/kg) 58,880 ± 2,382 2,471 53,498 ± 1,577 87.2 ± 2.6
aMean ± SD. For abbreviation see Table 1.
bAdded: cumene hydroperoxide added to oils.



Although the iodometric titration method has been widely
used to determine hydroperoxide contents, it may be unreliable
at very low oxidation levels, i.e., <1 meq/kg, because of inter-
ference by molecular oxygen, the reaction of liberated iodine
with other components, and uncertainty in the titration end-
point. Moreover, to determine the hydroperoxide content in ed-
ible oils with PV between 1 and 10 meq/kg, 5–10 g of oils
would be required for a traditional iodometric titration. In con-
trast, in the FIA system the actual amount of soybean oil re-
quired was only 0.05 mg when the hydroperoxide content of
the oil was 2.7 ± 0.24 meq/kg (n = 15). In a practical analysis
with the FIA system, however, approximately 10 mg of oil
would be enough for accurate weighing of the oil. 

In summary, in the proposed FIA system quantitative deter-
mination of total lipid hydroperoxides was accomplished with
high reproducibility, even at extremely low hydroperoxide con-
centrations, not only in refined fats and oils but also in oils in
foods and foodstuffs.
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ABSTRACT: The sn-position of FA in membrane lipids has an
influence on the physiological function of cells, is predictive for
diseases, and therefore is useful for diagnostics. The current study
compares the compositions of acyl chain substituents in the sn-1
and sn-2 positions of the glycerol backbones of phospholipids de-
rived from human erythrocytes by using RP-HPLC coupled with
on-line electrospray ionization ion trap MS. Preferential loss of
the acyl group in the sn-1 position was used to determine the de-
gree of regiospecific preference exhibited by the phospholipid
molecules. The identities of the molecular species and the posi-
tions of the acyl substituents were identified using product-ion
spectra of major precursor ions selected from the mass spectra
averaged across peaks in the total ion chromatogram. Saturated
FA were found to be located mainly in the sn-1 position of the
glycerol backbones of erythrocyte phospholipids, whereas PUFA
were found primarily in the sn-2 position. All measured phospho-
lipids revealed palmitic acid (16:0) at the sn-1 position. Linoleic
acid (18:2n-6) and arachidonic acid (20:4n-6) were found to be
attached exclusively to the sn-2 position of the backbone,
whereas eicosadienoic (20:2n-6) and eicosatrienoic acid (20:3n-
9) occurred in both positions of the backbone of PC. Oleic
(18:1n-9), linoleic (18:2n-6), and octadecatrienoic (18:3) acids of
PE and PS were linked to both positions. Lignoceric acid (24:1n-
9) was found to be strictly localized at the sn-2 position, whereas
nervonic (24:1n-9) acid of PS was associated with both positions
of the backbone. A detailed analysis of the blood cell membrane
lipids by MS might be helpful to characterize postprandial kinet-
ics of pharmacological or dietary lipid applications, as well as en-
vironmental influences on cell membranes.

Paper no. L9604 in Lipids 40, 211–218 (February 2005).

The membrane lipids of human red blood cells consist mainly
of cholesterol (Chol), glycerophospholipids, sphingomyelin
(SM), and glycosphingolipids. Each glycerophospholipid pos-
sesses a distinctive FA composition distributed between the sn-
1 or sn-2 position and determined by acyltransferases during
biosynthesis. The ester linkage in a phospholipid may be re-

placed by a vinyl ether linkage to form a plasmalogen, or one
FA may be lost altogether, which results in a lysophospholipid
(1). However, the alkylacyl and alkenylacyl species of choline
and ethanolamime phosphatides are not part of the present
study. The sn-position of FA is important to characterize the
physiological function of lipids integrated into cellular mem-
branes. Besides, it indicates condition, state, and dysfunction
of cells. In this study, the regiospecificity of FA of membrane
lipids derived from human erythrocytes is determined by LC
coupled with MS for routine measurements. The sn-position of
FA of phospholipids has a significant impact on membrane
function, cell signaling, and substrate specificity of enzymes.
Unfavorable distribution of the sn-positions of FA is associated
with several diseases including sickle cell anemia. In this case,
the erythrocyte membrane contains more saturated and mo-
nounsaturated FA, but less PUFA at the sn-2 position, which
affects cation balance, membrane phospholipid asymmetry, and
hypercoagulability (2). SM and Chol have been found to seg-
regate into self-assembled domains referred to as membrane
rafts, which act as the physiological surroundings for intrinsic
membrane proteins. These lipid rafts are obviously important
for the activity of growth factors, membrane-associated en-
zymes (3), receptor–ligand interactions, and cell signaling (4).
A higher degree of unsaturation in FA of PE in the sn-2 posi-
tion is thought to influence physical characteristics of lipid rafts
(5). Therefore, signal transduction through the membrane
might be influenced by the alkyl-chain properties of membrane
lipids. In addition, it has been demonstrated by Brooks et al.
(6) that thermal stress in carp liver microsomes induces spe-
cific alterations in the distribution of the sn-position in mo-
nounsaturated and polyunsaturated FA of phospholipids (6).

The heterogeneous enzyme class of phospholipase A2
(PLA-2) hydrolyzes FA from the sn-2 position of membrane
phospholipids. PUFA, which are located in this position, have
been described to be precursors of hormone-like multifunc-
tional eicosanoids. Thus, the PLA-2 substrate specificity is in-
volved in platelet aggregation (7), cell cycle progression (8),
and inflammatory immune response (9), which reveal the im-
portance of the sn-position of FA. A prolonged stimulation of
PLA-2 has been hypothesized to decrease membrane integrity
found in the neurodegenerative Alzheimer’s disease (10).

Several studies have shown that the FA composition of
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blood and organs, such as heart or liver, can be influenced by
nutritional or pharmacological lipid applications (9). The post-
prandial kinetics of the applied FA are reflected by alterations
of the FA composition of plasma and red blood cells. Plasma-
derived FFA are actively incorporated into lysophosphatides of
erythrocytes and usually appear in the sn-2 position of the glyc-
erol (1). The specific sn-positions of FA present in pharmaco-
logical or dietary lipid applications have been found to deter-
mine the digestibility in the gastrointestinal tract, the absorp-
tion by intestinal enterocytes, lipoprotein transport pathways of
the portal or lymph system, and the incorporation and distribu-
tion into body organs and cellular membranes (11). Therefore,
the sn-position of FA of the target organ represents an impor-
tant parameter in characterizing the physiological efficiency of
the applied active FA. 

Apart from the common method used to determine the sn-
position of FA linked to phospholipids, which involves specific
enzymatic digestion and subsequent LC or GC analysis (12),
various MS methods are currently available. For structural
analysis of phosphatidyldiacylglycerols of erythrocytes, fast
atom bombardment (FAB) (13), matrix-assisted laser desorp-
tion/ionization time of flight (14), and electrospray ionization
(ESI) techniques with triple-quadrupole tandem (15) as well as
ion trap MS (ITMS) detections (16) have been applied. These
procedures differ considerably with regard to sample applica-
tion (range of M.W. and polarity), ion fragmentation, and de-
tection sensitivity. ESI is described as a soft ionization technol-
ogy compared with chemical or electronic ionization and is
therefore feasible to characterize amphiphilic molecules. Ker-
win et al. (17) identified glycerophospholipid and SM species
by generating H+-ions of the polar phosphoryl group and
RCOO–-ions of the acyl constituents with ESI-MS (17). This
technique provides the fragmentation of defined parent ions
and a detailed molecular structural analysis via sequenced MS
(MSn) experiments (18,19). Marzilli et al. (20) described a
structural characterization of TAG using ESI sources and MSn

experiments with ITMS detection. This determination is based
on the formation of sn-position-specific acyl product ions and
on acylketene moieties, which are subject to collision voltage
within MS3 experiments. The ratio of the signal intensities of
the distinct fragment ions has been used to distinguish between
the first and second position. Likewise, this preferential acyl
group cleavage from the sn-1 position of phospholipids might
be applicable to determine the regiospecificity of phospholipids
with distinct ion fragmentation by MSn experiments and ITMS.
The current study successfully characterized the sn-position of
FA linked to phospholipids derived from erythrocytes. The
lipid class separation was carried out by normal-phase HPLC
combined with ESI–ITMS on-line coupled with a low-flow-
rate reversed-phase (RP)-HPLC within one step (LC/ESI-
ITMS).

MATERIALS AND METHODS

Erythrocytes. Fresh venous blood samples from healthy volun-
teers were collected in heparin-coated tubes. The samples were

pooled and centrifuged at 1500 × g for 10 min to separate eryth-
rocytes and plasma.

Total lipid extraction of polar lipids. The erythrocytes were
disintegrated according to the method of Rose and Oaklander
(21). One volume equivalent of distilled water was added to an
aliquot of erythrocytes. After 15 min incubation time, 5.5 vol
equiv of isopropanol (–20°C) were added dropwise while stir-
ring. This was followed by the addition of 3.5 vol equiv chlo-
roform, to achieve a water/isopropanol/ CHCl3 ratio of 2:11:7.
The solution was centrifuged for 20 min at 2000 × g. The su-
pernatant was evaporated with nitrogen to dryness. The lipids
were extracted with chloroform/methanol/distilled water
(10:10:9, by vol) according to Bligh and Dyer (22).

Separation of phospholipids and fractionation by HPLC.
The phospholipid classes were separated by HPLC and frac-
tionated via automatic fractionation sampling (23). An aliquot
of the lipid extract was dissolved in chloroform/methanol (1:1,
vol/vol) at a concentration of 0.5–2.5 mg/mL. The lipid class
separation was completed with an HPLC Alliance 2695 Sepa-
ration module from Waters (Waters GmbH, Eschborn, Ger-
many) coupled with a PL-ELS 1000 evaporative light scatter-
ing detection system (Polymer Laboratories, Darmstadt, Ger-
many). The detection was established at 100°C for the
nebulizer and 100°C for the evaporator. For the lipid class sep-
aration, a polyvinyl alcohol chemically bound stationary phase
PVA Sil column (5 µm, 250 × 4 mm) (YMC Europe, Scherm-
beck, Germany) was used.

The eluent system corresponded to that of Christie (24): A,
n-hexane/tert-methylbutylether (98:2; vol/vol); B, iso-
propanol/acetonitrile/chloroform/acetic acid (84:8:8:0.025; by
vol); C, isopropanol/water (twice-distilled)/triethylamine
(50:50:0.2, by vol). All applied solvents were of HPLC-grade
or supra-solvent quality (Merck Eurolab, Darmstadt, Ger-
many). The solvent-gradient system was as follows: 0–1 min
A/B/C (%) 98:2:0, 1–5 min A/B/C (%) 80:20:0, 5–20 min
A/B/C (%) 42:52:6, 20–27 min A/B/C (%) 32:52:16, 27–30
min A/B/C 30:54:16, 30–33 min A/B/C (%) 30:70:0, 33–40
min A/B/C (%) 98:2:0. The flow rate was 1 mL/min. The dis-
tinct lipid classes were characterized by retention time (RT). 

The distinct lipid species were collected with an automatic
fraction-sampler from Waters by peak signal recognition. The
fractions were collected in 5 mL screw-cap-closure glass tubes.

Determination of the sn-position of FA linked to phospho-
lipids by LC/ESI-ITMS. The analysis of the sn-position was ac-
quired on the LC MS system LCQ Deca (ThermoFinnigan, San
Jose, CA). The distinct phospholipid fractions (10–80 µg/frac-
tion) were separated into the molecular species by RP chroma-
tography using a C18 RP column, Thermo Hypersil C18 200 ×
1 mm (ThermoFinnigan). The eluent system corresponded to
the one described by Patton (25): isocratic: 20 mM formic acid
in methanol/water/acetonitrile (90.5:7:2.5, by vol) at a flow rate
of 80 µL/min. All solvents used were of HPLC grade or supra-
solvent quality (Merck Eurolab). The liquid chromatograph
was coupled to the mass spectrum spectrometer with an on-line
ESI source. The tip voltage was set at 4.5 kV in the positive
mode. The capillary voltage was 40 V, the capillary temperature
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was held at 200°C. The ion collision energy in the MSn experi-
ments was adjusted to between 30 and 35%. The mass range
was set between 200 and 1200 Da. The total measurement time
was 60 min. The following standards were used: 2-oleyl-1-
palmitoyl-sn-glycero-3-phosphocholine, 1-oleyl-2-palmitoyl-
sn-glycero-3-phosphocholine, 2-oleyl-1-palmitoyl-sn-glycero-
3-phosphoethanol-amine (all Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany), and 2-oleyl-1-palmitoyl-sn-glycero-3-
phosphoserine (Avanti Polar Lipids Inc., Alabaster, AL).

FAME analysis by capillary gas chromatography (CGC).
The separated fractions of the HPLC fractionation were evapo-
rated with nitrogen to dryness. For the derivatization, the sam-
ples were dissolved in 2 mL methanol/hexane (4:1, vol/vol)
plus 0.5% pyrogallol and were methylated according to Lep-
age and Roy (26) with 200 µL acetylchloride at 100°C, 1 h; 5
mL 6% K2CO3 was added, and the resultant mixture was cen-
trifuged for 10 min at 2200 × g. The upper hexane phase con-
taining the FAME was removed and dried with Na2SO4.

The FAME were analyzed by CGC performed on the Var-
ian Chrompack LS 32 system (Varian Chrompack, Middelburg,
The Netherlands) fitted with a cold split/splitless injector to
prevent FA discrimination. A chemically bound 50%
cyanopropyl-methylpolysiloxane capillary column DB23, 40
m Fisons (Varian Chrompack) was used for the separation of
FA species. The chromatographic conditions were as follows:
injector (PTV): 65 to 270°C, split ratio 15:1, carrier gas: he-
lium at a 40 cm/s flow rate. The signals were identified by an
FID at 280°C. FA were identified according to their RT. The
column oven temperatures were as follows: initial temperature:
60°C for 0.1 min; from 60 to 180°C at 40°C/min; 180°C for 2

min; from 180 to 210°C at 2°C/min; 210°C for 3 min; from
210 to 240°C at 3°C/min; 240°C for 10 min.

RESULTS AND DISCUSSION

The membrane lipid composition of blood cells, such as throm-
bocytes, leucocytes and erythrocytes, is correlated to cell struc-
ture, maturation state, function, and activity. Kew et al. (27)
have suggested that the FA composition of immune cells
mainly determines immune response variations. The activation
of monocytes and macrophages has been found to correlate
with alterations in the composition of membrane phospholipids
(28). Besides, volume and reactivity of platelets are influenced
by the FA composition of the membrane (29). Within the phys-
iological homeostasis of blood cell membranes, the composi-
tion of polar lipids and associated FA reflects the plasma FA
composition, which has been shown to be directly influenced
by the diet, several diseases, and other environmental FA (9). 

In this study, the pooled membrane lipids of erythrocytes
derived from healthy volunteers were characterized by HPLC
analysis. The erythrocyte membranes predominantly contained
Chol, PA, PE, PC, PI, PS, as well as SM. This result essentially
corresponds to the current literature. However, no phospholipid
lysoforms could be detected, as previously found by Cooper
(1) (Fig. 1). The alkylacyl and alkenylacyl species of choline
and ethanolamine phosphatides, which have been described to
make up a major part of the erythrocyte membrane, were not
part of the present study (1). To characterize the FA composi-
tion of distinct phospholipid classes, the glycerylphospholipids
of the erythrocytes were fractionated. Louis et al. (30) have
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FIG. 1. HPLC separation and fractionation of membrane lipids from human erythrocytes. For separation, a polyvinylalcohol chemically bonded
stationary phase was used. Eluent gradient A, n-hexane/tert-methylbutylether (vol/vol) 98:2; B, isopropanol/acetonitrile/chloroform/acetic acid (by
vol) 84:8:8:0.025; C, isopropanol/distilled water/triethylamine (by vol) 50:50:0.2 at a flow rate of 1 mL/min. The samples were measured by evapo-
rated light scattering detection. Chol, cholesterol; SM, sphingomyelin; TG, triacylglycerol.



shown that saturated and monounsaturated FA are predominant
(30). In our study, the total FA composition of erythrocyte
lipids was dominated by palmitic acid, (16:0) stearic acid
(18:0), lignoceric acid (24:0), and oleic acid (18:1n-9). PUFA
of the n-6 family, such as linoleic acid (18:2n-6), arachidonic
acid (20:4n-6), and adrenic acid (22:4n-6), predominate com-
pared with the content of α-linolenic (18:3n-3), stearidonic
(20:4n-3), eicosapentaenoic (20:5n-3), docosapentaenoic
(22:5n-3) and docosahexaenoic (22:6n-3) acids of the n-3 fam-
ily (Table 1). Likewise, a heterogeneous distribution of FA
within the distinct lipid classes of erythrocytes could be de-
tected. This study focused on three different membrane phos-
pholipids: (i) PC as the major membrane phospholipid of eryth-
rocytes, which roughly reflects the total FA pattern of erythro-
cyte lipids; and (ii) PE and (iii) PS, which are considerably
different from PC. The analysis revealed that palmitic and oleic
acids are mainly linked to PC and PE, which is in accordance
with the current literature (1). Whereas PS is rich in lignoceric
and nervonic (24:1n-9) acids, erucic acid (22:1n-9) is highly
associated with PE. In comparison, PUFA were predominantly
associated with PC, whereas saturated FA were mainly associ-
ated with PS.

In the next step, the sn-positions of FA linked to glycerol were
determined by MSn experiments. The location of double bonds
of associated FA is not detectable via LC/ITMS. Therefore, the
n-3, n-6, and n-9 families were concluded from the CGC analy-
sis of the respective FA. To prove whether it is possible to differ-
entiate the identity and sn-position of acyl substituents of asym-
metrical phospholipids with ESI-ITMS, two PC standards with
an identical but asymmetrical FA composition were measured
(Fig. 2). The asymmetrical oleyl-palmitoyl-phosphocholine stan-
dards revealed the same mass per charge (m/z) value of 760. The
MS–MS experiments of 760 Da indicated that both standards
were fragmented into the same pattern: (m/z) values 577, 522,
504, 478, and 495. The ratio between the 504 Da (M – palmitic
acid) and 478 Da (M – oleic acid) fragments could be used to
distinguish between the first and second position. As the sn-1 po-
sition is preferentially cleaved from the glycerol backbone, the
minor ion signal indicated the sn-2 position, whereas the domi-
nating ion signal indicated the sn-1 position in a ratio of 2:1. As
already described by Hsu and Turk (31), the cleavage of the ester
linkage between FA and glycerol leads to the formation of the
acid ion (RCOOH+) and the ketene ion (RCHCO+), which could
be identified additionally (Fig. 2).
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TABLE 1
FA Composition and Regiospecificity of Integrated FA of Distinct Lipid Species of Human Erythrocytesa

PC PE PS

Total FA sn-1/sn-2 FA sn-1/sn-2 FA sn-1/sn-2

14:0 0.5 0.6 0.8 3.2
15:0 0.2 0.2 0.3 0.3
16:0 26.1 29.0 16:0/18:1n-9 27.9 16:0/18:1n-9 19.6 16:0/18:1n-9
16:1n-7 0.4 16:0/18:2n-6 0.4 16:0/18:2n-6 0.6 16:0/18:2n-6
17:0 0.5 0.5 16:0/20:2n-6 0.5 16:0/18:3 0.6 16:0/18:3n-6
17:1n-7 0.04 0.04 16:0/20:3n-6 0.3 16:0/24:0
18:0 15.8 14.3 16:0/20:4n-6 12.6 7.9 16:0/24:1n-9
18:1n-7/-9 13.8 21.4 21.2 18:1n-9/16:0 7.1 18:1n-9/16:0
18:2n-6 8.1 11.0 2.0 18:2n-6/16:0 3.6 18:2n-6/16:0
18:3n-6 0.2 0.8 2.0 1.5
18:3n-3 0.1 0.05 0.5 2.9 18:3/16:0
20:0 0.6 0.08 0.6 0.9
20:1n-9 0.3 0.5 0.7
20:2n-6 0.2 0.4 20:2n-6/16:0 0.09
20:3n-6 1.3 1.7 20:3n-6/16:0 0.2 0.3
20:4n-6 9.4 5.3 1.2 1.3
20:5n-3 0.4 0.2
22:0 2.4 0.2 1.8 5.2
22:1n-9 0.05 8.7 15.6 6.4
22:4n-6 2.0 0.7 0.4 0.2
22:5n-3 0.3 0.5 0.1 0.2
22:5n-6 0.4 0.1 0.2
22:6n-3 3.0 1.1 0.3 0.9
23:0 0.4 0.1 1.0
24:0 7.5 0.2 3.6 12.8 24:0/16:0
24:1n-9 5.7 0.2 3.4 12.0
SAFA 52.0 46.2 50.0 60.2
MUFA 21.8 31.2 41.6 26.3
PUFA 25.8 22.2 7.2 11.3
aThe FA composition was measured by FAME capillary gas chromatographic analysis. Data are presented in weight per-
centage (wt%). The regiospecificity was analyzed by LC–electrospray ionization–MS. SAFA, saturated FA; MUFA, monoun-
saturated FA. 
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FIG. 2. Determination of the sn-position of asymmetrical PC, PE, and PS standards by electrospray ionization se-
quenced MS (ESI-MSn). Mass spectra were acquired on an MS system with an on-line ESI source. The tip voltage
was set at 4.5 kV in the positive mode. The ion collision energy in the MSn experiments was adjusted between 30
and 35%. The data are presented as mass per charge (m/z).



In contrast to PC, the polar group of PE did influence the
MS–MS fragmentation pattern, possibly owing to electron
shifts induced by the amino group via communicating covalent
bindings. Thus, no valid ratio between the ion signals indicating
the sn-positions could be established. However, the functional
head group disappeared from the 2-oleyl-1-palmitoyl-PE
within the MS3 experiment, based on the 718 Da ion signal. As
a result, the 577 Da (M – phosphoethanolamine) fragment ion
enabled the determination of the sn-positions. Again, the ratio
of 2:1 between 321.3 Da (M – palmitic acid) for the sn-1 posi-
tion and 295.2 Da (M – oleic acid) for the sn-2 position was
demonstrated. The 238 (palmitic acid + OH) and 265 Da (ole-
cic acid – OH) ions indicated the cleaved FA. The polar head
group of the PS-standard 2-oleyl-1-palmitoyl-PS did not affect
the fragmentation pattern within the MS–MS experiment. The
parent ion of 762 Da disintegrated into 577 Da (M – phospho-
serine), 321 Da (M – palmitic acid), and 295 Da (M – oleic
acid) ions. With the ratio of 2:1 between the 321 Da fragment
for the sn-1 position and the 295 Da fragment for the sn-2 po-
sition, it was possible to distinguish between the sn-positions.
Likewise, the 238 Da fragment (palmitic acid – OH) and the
265 Da fragment (oleic acid – OH) indicated the cleaved FA.

Although various studies such as that by Han (32) described
triple quadrupole applications with direct infusion into the ESI
source, the distinct phospholipid classes of the native erythro-
cyte matrix used in this study resulted in inadequate ionization
patterns. These patterns are insufficient for MSn measurement
with ITMS if the sample is directly applied with a syringe
pump. This might be due to an ion overload of the ion trap that
competes with the analyte ion signal and therefore impairs ad-
equate signal recognition with this technique. Thus, the sn-po-
sition of FA associated with PC, PE, and PS was analyzed by
coupling the MS measurement with RP LC to separate the dif-
ferent molecular phospholipid species. The total ion chromato-
gram (TIC) was scanned manually or automatically (triple play
modus) within a mass range of 700–1500 Da, to select specific
ion signals. After that, sequenced MSn experiments based on
the selected ions were established to identify molecular species
and the position of the acyl substituents (Fig. 3).

The TIC of the PC fraction revealed five different and two
asymmetrical molecular species with RT of 31.1–32.8,
32.9–39.0, 39.1–43.1, 49.1–55.1, and 55.2–60 min, which is il-
lustrated by the selected ion chromatogram (SIC) of 758, 760,
782, 784, and 786 Da (Fig. 3). For instance, the MS–MS ex-
periment with the 784 Da parent ion indicated a ratio of 1:1 be-
tween the 478.3 Da (M – eicosatrienoic acid) and 528 Da (M –
palmitic acid) fragments. Asymmetrical FA distribution be-
tween the sn-1 and sn-2 position explains this ratio. Again,
(+18 Da) fragments accompanied the signals that declared the
respective sn-position. In contrast to the fragmentation pattern
of the PC-standard (Fig. 2), a fragment ion of 725 Da (M – 59
Da) arose from native PC, which indicates the loss of the
choline-fragment [M + H – N(CH3)3]+. This different fragmen-
tation pattern might be due to the associated FA, which differ
in length and degree of saturation. The MS–MS experiments
of the PC fractions derived from erythrocytes confirm that the

linkage energy of acyl substituents and the glycerol backbone
is associated with the molecular structure of FA. The higher the
degree of unsaturation of FA, the more energy is needed for
MSn fragmentation. Analyses of neutral lipids with FAB/MS
and ESI/MS of the triple quadrupole type have demonstrated
that the specific loss of FA is reduced when the chain length
and number of double bonds increase (15,33). However, in this
study the sn-position of FA was measurable in a range of length
and degree of saturation between 16:0 and 20:4, which might
be due to the polarity of phospholipids and the ion trap detec-
tion. In general, the FA distribution of PC showed mainly
palmitic acid in the sn-2 position, and oleic, linoleic, and ara-
chidonic acids exclusively in the sn-2 position. Eicosadienoic
and eicosatrienoic acids were an exception, because they were
associated with both positions (Table 1). This distribution
seems to correspond to the physiological demands. For in-
stance, palmitic acid as a structural membrane element is lo-
cated in the sn-1 position, whereas arachidonic acid, which as
a substrate for PLA-2 is necessary for the eicosanoid metabolic
pathway (9), is located in the sn-2 position.

Likewise, palmitic acid of PE and PS was predominantly
linked to the sn-1 position, whereas oleic, linoleic, and octade-
catrienoic (18:3) acids were linked to both positions. Ligno-
ceric acid of PS was strictly located in the sn-2 position, but
nervonic acid was associated with both positions.

Although ESI-coupled RP-HPLC is always a compromise
with regard to chromatographic and ionization requirements,
the separation of the fractionated lipid classes is sufficient to
produce distinct molecular species for subsequent MSn experi-
ments. The distribution of the sn-position of FA associated with
PC and PS was directly measurable in the positive mode as
well as in the negative mode (data not shown) via MS–MS.
However, the determination of the sn-position of FA associated
with PE required MS3. Although 10–80 µg of the phospholipid
fraction was applied onto the RP-HPLC column, minor molec-
ular species of the membrane lipid spectrum with FA of up to 8
wt% were not detectable, owing to limited signal intensities of
TIC and SIC. With regard to necessary amounts of sample and
the corresponding measurement intensity, the LC/ESI-ITMS
analysis of the sn-position is not comparable to the
enzyme/CGC analysis, but is a reproducible method for rou-
tine determination of the sn-position of physiologically rele-
vant, nonmodified phospholipid species. Apart from the aper-
ture of the spraying needle and the applied voltage, the ioniza-
tion by ESI depends on the spray and droplet size (34). Micro-
or nano ESI techniques using low liquid flow rates to produce
an accurate spray with a small droplet shape have been de-
scribed and offer feasible possibilities to ionize polar lipids ef-
fectively (35,36). Therefore, the next steps to improve analyti-
cal sensitivity of this chromatography–MS application should
be a down-scale to micro- or nano ESI with flow rates between
2 and 20 µL/min. 

These results demonstrate that ESI-ITMS is a strategy that
can be used for the direct structural determination of phospho-
lipids derived from native matrices. A detailed analysis of the
blood cell membrane lipids using LC coupled with ITMS
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might be helpful for diagnostic issues and dietary applications,
in order to control or characterize environmental influences.
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ABSTRACT: Polyether glycosidic ionophores and macrocyclic
glycosides are of great interest, especially for the medicinal and
pharmaceutical industries. These biologically active natural sur-
factants are good prospects for the future chemical preparation of
compounds useful as antibiotics, anticancer agents, or in indus-
try. More than 300 interesting and unusual natural surfactants are
described in this review article, including their chemical struc-
tures and biological activities.

Paper no. L9676 in Lipids 40, 219–248 (March 2005).

The diversity of natural surfactants and their biomedical activ-
ity has recently been partly reviewed in some articles (1–6) and
books (7–10). Polyether glycosidic ionophores and macro-
cyclic glycosides are a large group of structurally related
polyketide natural surfactants (2,11–13). The polyether glyco-
sidic ionophores are characterized by multiple tetrahydrofuran
and tetrahydropyrane (or more) rings connected by aliphatic
bridges, direct C–C linkage, or spiro-linkages, and they also
contain one or more sugar moieties. Other features include a
free carboxyl function, many lower alkyl groups, and a variety
of functional oxygen groups. These structural features enable
the molecule to form a cyclic conformation with the oxygen
functions at the center and the alkyl groups on the outer sur-
face. Accordingly, this conformation results in lipid solubility,
even for the salt forms, enabling transport of cations across
lipid membranes (14–16). The term ionophore was first used
by Pressman et al. to describe compounds that can transport
ions across artificial or natural membranes (17). The polyethers

are sometimes referred to as carboxylic acid ionophores to dis-
tinguish some antibiotics from other compounds showing
ionophoretic activity (18,19). Individual polyether ionophores
exhibit varying specificities for cations (20,21).

Many macrolide glycosides are well-established antimicro-
bial agents in both clinical and veterinary medicine (22–25).
These agents can be administered orally and are generally used
to treat infections in the respiratory tract, skin and soft tissues,
and genital tract caused by Gram-positive organisms, such as
Mycoplasma species, and by certain susceptible Gram-nega-
tive and anaerobic bacteria (26–28).

The macrolide class is large and structurally diverse
(2,12,29–31). Macrolides are produced by the fermentation of
microorganisms and/or are found in marine invertebrates, such
as sponges, bryozoa, or marine cyanobacteria, and in dinofla-
gellate species belonging to the genera Amphidinium, Gam-
bierdiscus, Prymnesium, and Protoceratium (32–34). Addition-
ally, structural modifications using both chemical and microbi-
ological means have yielded biologically active semisynthetic
derivatives. The term macrolide was introduced in 1957 by
Woodward (35) to denote the class of substances produced by
Streptomyces species containing a macrocyclic lactone ring.
The generalized structure is a highly substituted monocyclic
lactone (aglycone) to which is attached one or more saccha-
rides glycosidically linked to hydroxyl groups on either the
aglycone or another saccharide (12,30). The aglycones are de-
rived via similar polyketide biosynthetic pathways and thus
share many structural features in terms of pattern and stereo-
chemistry of substituents (36, and references cited). Traditional
macrolide antibiotics are divided into three families according
to the size of the aglycone, which can be 12-, 14-, or 16-mem-
bered, but more recently macrolides with 30–72-membered
macrolactone glycosides have been isolated (2,12,29–31). Be-
cause one or more amino sugars are usually present, these com-
pounds are basic and can form acid addition salts. In addition,
one or more neutral sugars are often present. The saccharides
share some common features: They tend to be highly deoxy-
genated and N- and/or O-methylated, and the amino groups are
located at either position 3 or 4. The most common macrocyclic
glycosides are given below.

POLYETHER GLYCOSIDIC IONOPHORES

Ionophores are used as food antibiotics throughout the world
in the beef and poultry industries. The efficiency of cattle pro-
duction is increased by altering rumen fermentation and con-
trolling the protozoa that cause coccidiosis. Ionophores act by
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(i.e., control) cells; HSV-1, herpes simplex virus type 1; IC, inhibitory concentra-
tion; IC50, concentration at which growth or activity is inhibited by 50% (applies
to ligand and growth inhibition); %ILS, percent increase in life span; LC50 for
drugs with a cytotoxic effect, the concentration of drug at which 50% of cells die
(a 50% reduction in the measured protein at the end of the drug treatment as com-
pared with that at the beginning); LD50, (lethal dose50), the dose of a chemical
that kills 50% of a sample population; log IC (log EC), IC (or EC) in a log 10 scale
(a log 10 scale is frequently used when x values are a serial dilution, as a better es-
timate of the SE is obtained); log GI50, log concentrations that reduced cell growth
to 50% of the level at the start of the experiment; log10 RC50, root elongation half
inhibition concentration (mol/L) in logarithmic form; LD, lethal dose; LD50, the
dose at which 50% of test subjects die; LPS, lipopolysaccharide; MIC, minimal
inhibitory concentration; RC50, concentration at which there is a 50% reduction in
the number of offspring as compared with controls; TRAP, tartrate-resistant acid
phosphatase; VZV, varicella-zoster virus.
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interrupting the transmembrane movement and intracellular
equilibrium of ions in certain classes of bacteria and protozoa
that inhabit the gastrointestinal tract. The actions of ionophores
provide a competitive advantage for certain microbes at the ex-
pense of others (37). 

More than 100 polyether ionophores have been discovered
from microorganisms, marine invertebrates, and algal species,
and only some compounds contain sugar(s) (38–42). 

SIMPLE GLYCOSIDIC POLYETHERS

Some simple glycosidic ionophores were isolated nearly 30
years ago from fungi belonging to the order Hyphomycetes. In
1977, Traxler and coworkers (43–45) reported the isolation and
characterization of a family of novel antifungal antibiotics,
named papulacandins A, B, C, D 1–3, and 6a, from Papularia
sphaerosperma, with in vitro activity against Candida albicans
and other yeasts. In general these compounds showed accept-
able inhibition of β-1,3-glucan synthase and whole-cell activ-
ity, although little or no efficacy in animal models was found
(46–48). Papulacandins A, B, and C contain a spirocyclic
diglycoside and two unsaturated FA, linked as esters to two hy-
droxyl groups of the diglycosides. Papulacandin D, a monosac-
charide relative, is the simplest member of the family
(44,45,48). The common opportunistic infection in AIDS pa-
tients, Pneumocystis carinii pneumonia, has been effectively
overcome by newer members of the papulacandin family, Mer-
WF3010 4 and L-687-781 5 (49–51). Papulacandin D, which
lacks the short FA and the galactose residue, exhibits antifun-
gal activity; hence, less complex molecules may result in en-
hanced biological activity or provide a better understanding of
the elements required for activity. Saricandin 6 has been iso-
lated from the pathogenic fungus Fusarium sp. (52).

Simple glycosidic ionophores, colopsinols A–E 7–11, have
also recently been discovered from different strains of marine

dinoflagellates belonging to the genus Amphidinium (53–55).
Colopsinol A 7, a novel polyhydroxyl compound, has been iso-
lated from the cultured marine dinoflagellate Amphidinium sp.
(strain number Y-5). Colopsinol A 7 is the first member of a
new class of polyketide natural products possessing a gentio-
bioside moiety and a sulfate ester. The polyketide aglycone
consisted of a C56-linear aliphatic chain with one exo-methyl-
ene and two methyl branches as well as two ketones, five hy-
droxyl groups, and a tetrahydropyran and two epoxide rings
(53). Colopsinol A 7 inhibited DNA polymerases α and β, and
colopsinol C 10 exhibited cytotoxicity (53,54). Colopsinol E 8
exhibited cytotoxicity against L1210 murine leukemia cells
[IC50 value (concentration at which growth or activity is inhib-
ited by 50%) = 7 µg/mL], whereas colopsinol D 11 showed less
cytotoxicity (IC50, 20 µg/mL) (55,56).

LIPOPHILIC POLYETHER GLYCOSIDES

Streptomycetes produce a wide variety of commercially impor-
tant polyketide compounds, including the well-known
macrolide, polyene, and polyether antibiotics that exhibit an-
tibacterial, antifungal, anthelminthic, antitumor, and immuno-
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suppressive activities. Biosynthesis of these antibiotics is cat-
alyzed by a large family of polyketide synthases using malonyl-
CoA, methylmalonyl-CoA, and ethylmalonyl-CoA as extender
units for building the polyketide backbone (57–60). 

Maduramicin 12, known as antibiotic X-14868A, a novel
ionophore that contains an unusual dimethoxy sugar, has been
isolated from Actinomadura yumaensis, and its biosynthesis
was reported (11,41,61,62). The biosynthesis of α- and β-
maduramicin in a culture has been studied using 13C-, 14C-, and
18O-labeled precursors. The results are consistent with the ini-
tial formation of a triene, which is converted to maduramicin
by cyclization of the triepoxide.

Lenoremycin 13 and the closely related metabolites diane-
mycin, leuseramycin, and moyukamycin are pentacyclic ethers
containing a second tetrahydropyran–tetrahydrofuran spiro-
ketal in place of the more commonly occurring pair of tetrahy-
drofuran rings typical of monensin, and are produced by Strep-
tomyces hygroscopicus X-14540 (63). Biosynthesis of lenore-
mycin was reported by Cane and Hubbard (64).

Carriomycin 14, a polyether antibiotic, was isolated from
culture broth of S. hygroscopicus strain T-42082. It is active
against Gram-positive bacteria, several fungi, yeasts, and my-
coplasma, and it is also coccidiostatic (65). Carriomycin, lono-
mycin, and etheromycin efficiently transported K+, Rb+, and
Na+ through a CCl4 barrier. These antibiotics caused a massive
release of K+, Rb+, or Na+, but not of Li+ and Cs+, from mito-
chondria previously loaded with these cations by valinomycin
or monazomycin. Carriomycin is a monovalent cation-selec-
tive ionophore (66), as are lonomycin and etheromycin.

K-41 15, known as A32887 and antibiotic RP37454, is pro-
duced by S. hygroscopicus (67). This antibiotic was character-
ized as a polycyclic polyether compound and was active
against Gram-positive bacteria. K-41A 16 and two other new
pentacyclic polyethers are produced by a marine bacterium be-
longing to the order Actinomycetales (68). 

Two antibiotics, SF2324 17 and SF2370, produced by
Actinomadura roseorura (69,70), and an unusual ionophore,
LL-C23201γ 18, were isolated after fermentation from Strepto-
myces olivaceo-griseus sp. nov. (71). Both antibiotics showed
antibacterial and anticoccidial activities. The natural antibiotic
A80789 19, which is used in cattle feeds and is related to lono-
mycin A, was isolated from S. hygroscopicus (72). A new poly-
ether antibiotic, CP-82009 20, closely related to septamycin
21, was isolated by solvent extraction from the fermentation
broth of Actinomadura sp. (ATCC 53676). CP-82009 is among
the most potent anticoccidial agents known, effectively con-
trolling the Eimeria species that are the major causative agents
of chicken coccidiosis at doses of 5 mg/kg or less in feed. It is
also active in vitro against certain Gram-positive bacteria, as
well as the spirochete Serpulina (Treponema) hyodysenteriae
(73).

Unusual and rare polyethers with spiroketal moieties, everni-
nomicins B, C, and D 22–24, are a new class of oligosaccharide
antibiotics (74–78) produced by Micromonospora carbonacea
that possess highly potent activity against Gram-positive bacte-
ria. More important, everninomicins demonstrate antibacterial
activity both in vitro and in vivo against multiply resistant strains
of methicillin-resistant Staphylococcus aureus and vancomycin-
resistant enterococci (79,80). The major component, Ziracin
(SCH 27899) 25, demonstrated potent activity against Gram-
positive bacteria both in vitro and in vivo including multiply re-
sistant strains of methicillin-resistant S. aureus and vancomycin-
resistant Enterococcus faecalis. A new member of the everni-
nomicin family of compounds, Sch 58761 26, was isolated from
the fermentation broth of M. carbonaceae (81). 
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A novel everninomicin, Sch 49088 27, containing an un-
usual hydroxylamino-ether sugar with activity against methi-
cillin-resistant Staphylococci, also has been isolated from M.
carbonacea (82). A new oligosaccharide antibiotic, everni-
nomicin-6 (EV-6) 28, resembled everninomicin D quite closely
except for the absence of the nitrosugar and the replacement on
ring G of the CH2OMe group with a CH2OH group; it was iso-
lated from M. carbonacea (83).

Four polyether antibiotics, 29–32, isolated from a hitherto
undescribed Nocardia culture (strain X-14868), were reported
by Hoffman-La Roche in 1983 (84,85). Biological profiling re-
vealed that all four compounds are moderately active against
Gram-positive bacteria. Polyether 29 is active against Ser-
pulina hyodysenteriae, and both 29 and 30 are potent anticoc-
cidial agents in vivo vs. Eimeria tenella. CP-60993 33, having a

moderate activity against Gram-positive bacteria, was isolated
in 1990 from the fermentation broth of a culture of S. hygro-
scopicus ATCC 39305 (86,87). Endusamycin 34 (known as
CP-63517) was first identified from a new strain of Strepto-
myces endus subsp. aureus ATCC 39574 (88). Endusamycin
34 demonstrates an excellent spectrum of Gram-positive an-
tibacterial and anticoccidial activities, both in vitro and in vivo.
CP-80219 35 demonstrated good activity against Gram-posi-
tive bacteria, as well as antiserpulina activity vs. S. hyodysen-
teriae (89).

Screening the extract from S. hygroscopicus TM-581 has
led to the discovery of the dianemycin 36 analog moyukamycin
(90). Originally isolated from a culture of Streptomyces sp. X-
14931, this ionophore demonstrated in vitro activity against
Gram-positive microorganisms such as cocci, bacilli, mycobac-
teria, molds, and yeasts. It also showed activity against a mixed
Eimeria infection (91). Isodianemycin 37 has demonstrated an-
tibacterial properties comparable to the original antibiotic di-
anemycin (92). 

Maduramycin 38 and the 12-methylportmicin ionophore
CP-84657 39 both have been isolated from a fermentation
broth of Actinomadura sp. ATCC 53708. One similar to
ionophore 39 was isolated from A. fibrosa and named A82810
(93). Polyether 39 is among the most potent anticoccidial
agents known, effectively controlling the major Eimeria
species (E. tenella, E. acervulina, E. maxima, and E. necatrix)
responsible for avian coccidiosis at doses of 5 mg/kg or less in
feed. This compound is also active against certain Gram-posi-
tive bacteria in vitro as well as the spirochete S. hyodysente-
riae, the causative agent in swine dysentery (94,95). The
ionophores W341C 40 and CP-120509 41 (96) were produced
by Streptomyces W341 (57).
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Antibiotic 6016 42, produced by the fermentation of Strep-
tomyces albus 6016, was isolated as its sodium salt (97). Fer-
mentation of Actinomadura roseorufa Huang sp. nov. ATCC
39697 produces UK-58852 43 together with minor amounts of
CP-70228 44 and CP-70828 45 (98,99). Treatment of 43 with
para-toluenesulfonic acid in acetonitrile/water yielded a mix-
ture of two compounds, including semduramicin 46. This com-
pound, also known as UK-61689, was obtained by fermenta-
tion of a mutant of the A. roseorufa and shows activity against
both E. tenella and E. maxima (100). CP-91243 47 and CP-
91244 48, along with 45, were isolated from a mutant of A.
roseorufa ATCC 53666 (101). 

Etheromycin 49, produced by Streptomyces C20-12 FERM
P-2736 and S. hygroscopicus ATCC 31050 (57,102), and the
new 3-O-methylseptamycin 50 (analog of 21) have recently
been discovered by Mülhaupt (103). Polyether ionophore 51,
named nanchangmycin, was discovered by Chinese scientists
(104–106); it was produced by Streptomyces nanchangensis
(NS3226), and showed insecticidal activities. 

HIGHLY OXYGENATED LIPOPHILIC TOXINS

New antitumor compounds named protoceratins I (without
sugar), II 53, III 52, and IV 54 have recently been isolated from
culture broths of the dinoflagellate Protoceratium cf. reticula-
tum (107). Isolated compounds showed extremely potent cyto-
toxicity against human tumor cell lines. The major principle,
protoceratin I, proved to be identical with 2-homoyessotoxin, a
well-known shellfish toxin. Protoceratins II 53, III 52, and IV
54 were determined to be di-, mono-, and triarabinosides of
protoceratin I (without sugar), respectively. 

Prymnesium parvum (Division Haptophyta, Class Prymne-
siophyceae, Family Haptophyceae) is a unicellular red tide mi-
croalga that blooms in marine and brackish water and causes
massive fish kills worldwide (108,109). Ichthyotoxins with
very surprising structures, prymnesin-1 55 and prymnesin-2
56, have been isolated from P. parvum (110,111). The prym-
nesins are highly oxygenated lipophilic toxins reminiscent of
dinoflagellate toxins such as ciguatoxin, brevetoxin, maito-
toxin, and palytoxin. The C90 carbon (!) skeleton has no carbon
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branching except for one methyl group. Five contiguous ether
rings resemble those of the dinoflagellate toxins. Prymnesins 55
and 56 contain multiple functional groups such as conjugated
double and triple bonds, chlorine atoms, an amino group, and
glycosidic residues, including the uncommon L-xylose. They are
the major hemolytic and ichthyotoxic agents in the red tide mi-
croalga P. parvum (112), with 56 causing 50% hemolysis of a
1% suspension of canine red blood cells at 0.5 nM. The lethality
of 56 on the freshwater fish Tanichthys albonubes was compara-
ble to that of brevetoxin; the ichthyotoxicity was markedly en-
hanced by Ca2+ and by a slight elevation of pH. The LC50 (con-
centration of drug at which 50% of cells die) in a Ca2+-free
medium (pH 7.0) was 300 nM, and in the presence of 2 mM Ca2+

(pH 8.0) it was 3 nM (112).

MACROCYCLIC GLYCOSIDES

Many FA glucosides in lactone form, named macrolides (or
macrocyclic glycosides), have been isolated from bacteria,
lower invertebrates, and/or fungi (2,3,5,9,12,13,18,26,29,
30,32,34,113,114). Some macrocyclic glycosides were found
in plants (115). At present, more than 100 microbial products
continue to be used clinically as antibiotics, antitumor agents,
and agrichemicals (3,30,32). The importance of these com-
pounds in medicine has served to underscore their importance
in pharmacology, chemistry, and industry. Throughout the
years, extensive chemical programs have been developed
worldwide to synthesize these compounds and to understand
the structural foundations for their bioactivity. Still today, mas-
sive efforts are underway in the pharmaceutical industry to ex-
plore soil bacterial fermentation products. These studies con-
tinue to show exciting results. Examples of such polyketides
include erythromycin (antibacterial), nystatin (antifungal),
avermectin (antiparasitic), rapamycin (immunosuppressant),
daunorubicin (antitumor), and many others (12,13,29,113,114).

SIMPLE DIARYLHEPTANOID GLYCOSIDES

Diarylheptanoids are a family of natural plant metabolites
whose characteristic structural feature is the presence of two

hydroxylated aromatic rings tethered by a linear seven-carbon
chain. They can be further divided into three subgroups,
namely, linear and biaryl macrocycles (57–61) and m,p-cyclo-
phane (62–68) (115). Evidence has accumulated suggesting
that the linear diarylheptanoids are the biogenetic precursors of
the macrocyclic congeners 57–61 and 62–68 (116–118).

Many new simple diarylheptanoids and their glycosides,
named acerogenin and aceroside, were isolated from the stem
bark of Acer nikoense, A. griseum, and A. triflorum (119).
Three new cyclic diarylheptanoids, acerosides B1 57 and B2
58 and aceroketoside 59, were isolated together with 20 known
compounds from a Japanese folk medicine, the stem bark of A.
nikoense. The principal diarylheptanoid constituents were
found to exhibit inhibitory activity on nitric oxide (NO) pro-
duction in lipopolysaccharide-activated macrophages (120).
The stem bark of the Aceraceae plant A. nikoense, which is in-
digenous to Japan, has been used as a folk medicine for hepatic
disorders and eye diseases. It has been reported that the
biphenyl-type diarylheptanoids from Myrica rubra showed in-
hibitory activities on the release of β-hexosaminidase from
RBL-2H3 cells (121) and on NO production in lipopolysaccha-
ride (LPS)-activated macrophages (122). Macrocyclic diaryl
ether heptanoids as ovalifoliolatins A and B from the Indian
tree Boswellia ovalifoliolata also showed antibacterial activity
against the Gram-negative bacteria Chromobacterium vio-
laceum (ATCC #12472), Klebsiella aerogenes (ATCC
#15380), Pseudomonas aeroginosa (ATCC #25619), and
Pseudomonas fluorescens (ATCC #13525) and against the
Gram-positive bacteria S. aureus (ATCC #9144), Bacillus sub-
tilis (ATCC #6051), and Bacillus sphaericus (ATCC #14577)
(123). Aceroside I 60 and IV 61 were isolated from A. nikoense
(119).

Myricanols 62, 65, and 66; myricanone 63; neomyricanone
64; myricanene A 67 and B 68; and their five new glycosides
were isolated from the stem bark of Chinese M. rubra, and myri-
canone and galeon from the stem of Myrica gale var. tomentosa
(121). The Myricaceae plant M. rubra is widely distributed in
China, Taiwan, Japan, and Korea. The bark of M. rubra (Myri-
cae cortex) has been used locally as an astringent, antidote, and
antidiarrheic in Japanese folk medicine and also has been used
externally for burns and skin diseases in Chinese traditional med-
icine. Biphenyl-type diarylheptanoids showed inhibitory activi-
ties on the release of β-hexosaminidase from RBL-2H3 cells and
on NO production in LPS-activated macrophages (121).
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DIMERIC MACROCYCLIC GLYCOSIDES

Dimeric macrolide glycosides are a rare group of biologically
active compounds produced by some microorganisms and ma-
rine sponges (2). The elaiophylin 69 and two new methyl deriva-
tives 70 and 71 were isolated from the mycelium cake of Strep-
tomyces strains HKI-0113 and HKI-0114. Elaiophylin 69, with
C-2 symmetry was originally isolated from Streptomyces
melanosporus (124), later as azalomycin B from S. hygroscopi-
cus var. azalomyceticus (125) and also from Streptomyces vio-
laceoniger (Tu 905) (126). It is now available in large quantities
by fermentation of other naturally high-producing Streptomyces
spp., for example, strains DSM-4137 and DSM-3816. Elaio-
phylin 69 is known to be active as an antibacterial and anti-
helminthic; to have antitumor and immunosuppressant proper-
ties; and to inhibit NO synthesis (127, and references cited). 

Halichoblelide 72, a novel macrolide with potent cytotoxicity
against tumor cells in culture, has been isolated from a strain of
S. hygroscopicus originally separated from the marine fish Hali-
choeres bleekeri (128). Halichoblelide exhibited potent cytotoxic
activity against the murine P388 cell line [ED50 (effective dose50,
the amount of material required to produce a specified effect in
50% of an animal population) 0.63 µg] and 39 human cancer cell
lines (BSY-1, NCI-H522, MKN74, and others). The tested mean
value of log GI50 (log concentrations that reduced cell growth to
50% of the level at the start of the experiment) over all cell lines
appeared to be −5.25. 

Clavosolides A–D 73–76, dimeric macrolides incorpo-
rating cyclopropyl, tetrahydropyranyl, and glycosidic ring
systems, were isolated from the cytotoxic extract of a
Philippines collection of the marine sponge Myriastra
clavosa (129). Clavosolides A 73 and B 74 also were re-
cently reported metabolites from M. clavosa (130). The
dimeric monoterpenoid glycoside 77 was isolated from the
aqueous ethanol extract of the whole plants of Dicliptera
riparia (131). The dimeric secoiridoid glycoside lisiantho-
side 78 was isolated from plant Lisianthius jefensis (Gen-
tianaceae) (132).

Pakistolides A 79 and B 80, novel dimeric β-(glucosyl-
oxy)benzoates were isolated from the Pakistani tree
Berchemia pakistanica belonging to the genus Berchemia
(Rhamnaceae), which comprises ca. 10 species scattered
throughout the tropics of Asia, Africa, and America (133).
The roots and stems of Berchemia species are traditionally
used for the treatment of gallstones, liver diseases, neuralgia,
and stomach cramps in Japan, and also are used in traditional
Chinese medicine as an antipyretic, a diuretic, and for the
treatment of rheumatism and lumbago (134). Both 79 and 80
showed high lipoxygenase inhibition activity and promising
potential to inhibit lipoxygenase in vivo. They also were
found to have inhibitory activity against β-glucosidase (133).

More than 160 macrocyclic hydrolyzable tannins were hith-
erto known (135,136), along with oenotheins, cuphiins, eugeni-
florins, camellins, and woodfordins, which have been isolated
from the genera Oenothera (137), Cuphea (138), Eugenia
(139), Gordonia (140), and Woodfordia (141). Structures of
these dimeric compounds are similar to 81–84, and they con-
stitute an important class of oligomers with unique macrocyclic
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structures. Many of these compounds showed antitumor activ-
ity, inhibition of DNA topoisomerase II, and induced apoptosis
in K562 cells (136). The antitumor activities of four macro-
cyclic hydrolyzable tannin dimers, cuphiin D1 81, cuphiin D2
82, woodfordin C 83, and oenothein B 84, isolated from
Cuphea hyssopifolia (Lythraceae), were studied (142). All
compounds significantly inhibited the growth of the human car-
cinoma cell lines KB, HeLa, DU-145, and Hep 3B and the
leukemia cell line HL-60, and they showed less cytotoxicity
than adriamycin against a normal cell line (WISH). All four
compounds inhibited the viability of S-180 tumor cells in an in
vitro assay and an in vivo S-180 tumor-bearing ICR mouse
model. Oenothein B 83 demonstrated the greatest cytotoxicity
(IC50 = 11.4 µg/mL) against S-180 tumor cells in culture,
whereas cuphiin D1 81 resulted in the greatest increase in sur-
vival of S-180 tumor-bearing mice [ILS (increase in life span)
= 84.1%]. These findings suggest not only that the antitumor
effects of these compounds are related to their cytotoxicity on
carcinoma cell lines but also that they depended on a host-me-
diated mechanism; they may therefore have potential for anti-
tumor applications (142). Cuphiin D1 81 induced cytotoxicity
in HL-60 cells, and the IC50 was 16 µM after 36 h of treatment;
it also inhibited Bcl-2 expression in the HL-60 cells and in-
duced apoptosis (143).

Two new cyclic compounds with long-chain fatty acyl esters,
glucolipsin A 85 and B 86, were isolated from the butanol ex-
tracts of Streptomyces purpurogeniscleroticus WC71634 and
Nocardia vaccinii WC65712, respectively (144). Glucolipsins A
85 and B 86 relieved the inhibition of glucokinase by FAC (fatty
acyl CoA) with RC50 values (i.e., concentration at which there is
a 50% reduction in the number of offspring as compared with
controls; log10 RC50, root elongation half inhibition concentra-
tion [mol/L] in logarithmic form) of 5.4 and 4.6 µM.

Streptomyces microflavus strain 2445 produced the major

product fattiviracin FV-8 87, which consists of four glucose
and two trihydroxy FA residues (145). Fattiviracin FV-8, puri-
fied from the culture broth of S. microflavus, showed potent an-
tiviral activities against HIV type 1 (HIV-1), herpes simplex
virus type 1 (HSV-1), varicella-zoster virus (VZV), and in-
fluenza viruses A and B (146).

The actinomycete strain Kibdelosporangium albatum R761-
7 (ATCC 55061) produced new antiviral antibiotics, cy-
cloviracins B1 88 and B2. They showed weak activity against
Gram-positive bacteria and potent antiviral activity against
HSV-1 (147,148). A novel antiherpetic agent, fattiviracin A1,
was isolated from the culture broth of strain no. 2445, identi-
fied as S. microflavus (149). The structure of fattiviracin A1 is
a new macrocyclic diester consisting of four D-glucose units
and two (C24 and C33) hydroxy FA. It is closely related to the
cycloviracins B1 88 and B2 but differs from these known com-
pounds in both the length of its side chain and the sugar moi-
ety. Fattiviracin A1 showed potent antiviral activities against
HSV-1, VZV, influenza virus A, and HIV-1. It showed no cyto-
toxicity against Vero cells. Fattiviracin A1 exhibited no signifi-
cant antibacterial or antifungal activities. Treatment of HSV-1
with fattiviracin A1 decreased its infectivity to Vero cells. The
mechanism of its antiviral activity may be due to inactivation
of the viral particles and inhibition of viral entry into the host
cells (150).

Macroviracins 89–96 are a new class of macrocyclic com-
pounds that were isolated from the mycelium extracts of Strep-
tomyces sp. BA-2836,1 and were classified into eight types of
congeners (A–D) by the length (C22 or C24) of the constitutive
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FA. These natural products exhibit a powerful antiviral activity
against HSV-1 and VZV, and their potency is reported to be 10
times that of acyclovir. Structurally, macroviracins are related
to sugar-FA lactones such as cycloviracins and fattiviracins,
and differ remarkably in the size of the macrocyclic ring sys-
tems (151,152).

HYBRID MACROCYCLIC GLYCOSIDES

Hybrid macrocyclic glycosides are usually FA macrolactones
or their derivatives bearing one or more (rare) sugar(s) and pro-
duced by microorganisms, lower invertebrates, microalgae,
fungi, and/or plant species (2). Hybrid macrocyclic glycosides
also can be formed with many other substituents.

10–13-MEMBERED RING GLYCOSIDIC MACROLIDES

A few 10-membered ring macrolide glycosides are found in na-
ture. Thus, the leaves of a small tree Gonocaryum calleryanum
(family Icaciaceae), named Balotangginto, has afforded new
secoiridoid glycosides acylated with 2,3-dihydroxy-2-
methylbutanoic acid, three of which (97a–c) have a novel 10-
membered dilactone ring (153). Gonocaryum calleryanum is
mainly distributed from Indonesia to Taiwan. Its leaves are
used in Philippine folk medicine for the treatment of stomach
diseases (154). More recently, Chan et al. (155) of the Taiwan
Medicinal College isolated 97a and 97b from leaves, branches,
stems, and root bark from the same species (G. calleryanum)
grown in the southern part of Taiwan.

The novel highly cytotoxic metabolites apicularen A and
apicularen B 98 were isolated in a screening of the myxobacte-
rial genus Chondromyces (156). The structure of the apicu-
larens A and B was characterized by a salicylic acid residue as
part of a 10-membered lactone, which bears an acylenamine
side chain. Apicularens are present in nearly every strain of C.
apiculatus, C. pediculatus, C. lanuginosus, and C. robustus.
Apicularen B 98 was identified as 11-O-(2-N-acetamido-2-

deoxy-β-D-gluco-pyranosyl)apicularen. According to feeding
experiments with 13C-labeled acetates, glycine, and methion-
ine, apicularens A and B are acetate-derived polyketides con-
taining a glycine residue as precursor of the enamine. The gly-
coside apicularen B showed weak antimicrobial activity against
Gram-positive bacteria, e.g., Micrococcus luteus [minimal in-
hibitory concentration (MIC) 12.5 µg/mL] and Corynebac-
terium fascians (MIC 25 µg/mL), and moderate cytotoxic ac-
tivity, with IC50 values between 0.2 and 1.2 µg/mL with nine
different human cancer cell lines, including the multidrug-re-
sistant line KB-V1 (157).

Two novel 10-membered ring chlorinated glycosidic
macrolides, latrunculinosides A 99a and B 99b, containing
substituted 2-oxecanones (decalactones) were isolated from the
marine sponge Latrunculia corticata (158). Both glycosides
contain unusual saccharides such as β-D-olivose, β-L-digitox-
ose, β-L-amicetose, and β-D-oliose. These compounds gave
positive results in antifeeding assays (for goldfish), 99a 1.7
µg/mL and 99b 3.3 µg/mL, respectively (158).

The 10–12-membered ring macrocyclic compounds, tan-
nin derivatives 100a–f, and 102a,b have been isolated from
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the aerial parts of Cunonia macrophylla (an endemic Cunoni-
aceae, New Caledonia) (159), Pelargonium reniforme
(Berlin, Germany) (160), Tellima grandiflora (fringe cups,
Saxifragaceae, Germany) (161), and from fruits of Punica
granatum (California) (162). 

Furosin 100f was isolated from the whole plant of Euphor-
bia helioscopia (Euphorbiaceae), collected at Cheongju City
(Korea); this hydrolyzable tannin markedly decreased the dif-
ferentiation of both murine bone marrow mononuclear cells
and Raw264.7 cells into osteoclasts, as revealed by the reduced
number of tartrate-resistant acid phosphatase (TRAP)-positive
multinucleated cells and decreased TRAP activity (163). A gal-
lotannin-containing fraction of Phyllanthus amarus and the iso-
lated ellagitannins corilagin 100c and geraniin (isomer of
furosin 100f) were the most potent mediators of antiviral activ-
ities. The P. amarus-derived preparations blocked the interac-
tion of HIV-1 gp120 with its primary cellular receptor CD4 at
an IC50 of 2.65 (water/alcohol extract) to 0.48 µg/mL
(geraniin). Inhibition was also evident for the HIV-1 enzymes
integrase (0.48–0.16 µg/mL), reverse transcriptase (8.17–2.53
µg/mL), and protease (21.80–6.28 µg/mL) (164,165). Corila-
gin 100c also has shown antimicrobial activity against human
bacterial pathogens (S. aureus, Corynebacterium accolans), a
plant pathogen (Erwinia carotovora), and a human pathogenic
yeast (C. albicans) (159).

Cornusiin E 101 isolated from Tellima grandiflora was cat-
alyzed by an oxygen-dependent laccase-type phenol oxidase
(161). Punicalagins 102a,b are major polyphenols of Punica
granatum (162), and their hydrolyzed derivatives punicalin and

2-O-galloylpunicalin, from Terminalia triflora leaves, showed
inhibitory activity against an HIV-1 reverse transcriptase; puni-
calin showed an IC50 of 0.11 µg/mL and 2-O-galloylpunicalin
an IC50 of 0.10 µg/mL (165).

A few glycosidic macrolides having a 12-membered ring
system also are found in nature. Thus, methymycin 103,
neomethymycin 104, and YC-17 105 were found in culture
broths of a Streptomyces species (166–168). A new macrolide,
106, named novamethymycin, was similar to compounds
103–105 and was isolated from S. venezuelae (169).

The spinosyns 107–112 are novel macrolides produced by
Saccharopolyspora spinosa (170). Spinosyns are comprised of a
tetracyclic macrolide containing forosamine and tri-O-methyl
rhamnose, with different degrees of methylation on the polyke-
tide or deoxysugars (171–173). The two major factors in the S.
spinosa fermentation, spinosyn A 107 and spinosyn D 108, dif-
fer from each other by a single methyl substituent at position 6
of the polyketide. Spinosad, a combination of spinosyn A and
spinosyn D, is marketed by Dow AgroSciences for the control
of agricultural insect pests. Spinosads are highly effective against
target insects and have an excellent environmental and mam-
malian toxicological profile (174–176). Cloning and analysis of
the spinosad biosynthetic gene cluster of S. spinosa have recently
been reported (177). Novel spinosyns, 113–118, have been pre-
pared by biotransformation using a genetically engineered strain
of Saccharopolyspora erythraea, in which the β-D-forosamine
moiety in glycosidic linkage to the hydroxy group at C-17 was
replaced by α-L-mycarose (178). Lepicidin A 119 was isolated
in 1990 from the fermentation broth of the soil microbe S. spin-
osa by Eli Lilly Co. (179). Lepicidin A exhibits insecticidal ac-
tivity, particularly against Lepidoptera larvae.
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This group of antibiotics is characterized by excellent an-
tibacterial activity, particularly against Gram-positive bacteria.
Macrolides can be defined and distinguished from the other
groups of antibiotics by the unique feature of their chemical
structure. They are polyfunctional macrocyclic lactones, and
the majority of them contain at least one amino sugar moiety,
which is the cause of the basicity of the molecules.

Two new cytotoxic macrolide glycosides, auriside A 120
and auriside B 121, have recently been isolated from the Japan-
ese sea hare Dolabella auricularia (180). Both aurisides
showed cytotoxicity against HeLa S3 cells, with IC50 values of
0.17 and 1.2 µg/mL, respectively.

A glycosidic macrolide having a structure similar to auri-
sides, lyngbouilloside 122, was characterized from the marine
cyanobacterium Lyngbya bouillonii, collected in Papua New
Guinea. Lyngbouilloside was modestly cytotoxic to neuroblas-
toma cells (IC50 value of 17 µM) (181). Also, a new glycoside
macrolide termed lyngbyaloside B 123 was isolated from a
Palauan collection of the marine cyanobacterium Lyngbya sp.
and exhibited slight cytotoxicity (182).

Callipeltoside A 124, B 125, and C 126, bioactive marine
glycoside macrolides, were isolated from the marine sponge
Callipelta sp. (183). Callipeltose A 124 was found to protect
against HIV virus infection in vitro (184) and also showed ac-
tivity in cytotoxic assays against KB and P388 cells.

The macrolide polycavernoside A 127a is a toxic metabo-
lite produced by the marine red alga Polycavernosa tsudi (for-
merly Gracilaria edulis) (185). More recently, another four
polycavernosides, A2 127b, A3 127c, B 128a, and B2 128b,
were also found in the same alga P. tsudi (186). 

New antibiotics named decatromicins A 129 and B 130 were
isolated from the culture broth of Actinomadura sp. MK73-NF4
(187,188). Decatromicins A and B inhibited the growth of Gram-
positive bacteria, including methicillin-resistant S. aureus (187).
These antibiotics are closely related to pyrrolosporin A 131.
Pyrrolosporin A 131, new macrolide antitumor antibiotic pos-
sessing an unusual spiro-α-acyltetronic acid moiety, was isolated
from the fermentation broth of Micromonospora sp. strain
C39217-R109-7 (189). Pyrrolosporin A 131 showed antimicro-
bial activity against Gram-positive bacteria, was weakly active
against Gram-negative bacteria, and prolonged the life span of
mice inoculated with P388 leukemia cells (190). 

14-MEMBERED RING GLYCOSIDIC MACROLIDES

The 14-membered ring glycosidic macrolides represent a large
group of natural compounds. Biologically active antibiotics,
lactone glycosides named erythromycins A 132, B 133, C 134,
D 135, F 136, and E 137 have been isolated from Streptomyces
erythreus (191–193) and Nocardia species (194,195). Olean-
domycin 138 and oleandomycin Y 139 were produced by
Streptomyces antibioticus (196–198). Pikromycin 140, nar-
bomycin 141, and 5-O-mycaminosyl-narbonolide 142 were
isolated from Streptomyces felleus (199,200) and Streptomyces
narbonensis (201). 10,11-Dihydropikromycin 143 and kaya-
micin 144 were produced by S. narbonensis (202). Tri-O-
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acetyloleandomycin 145 and erythromycin esters 146–149 also
have been isolated from Streptomyces sp. (203–206).

Megalomicin A 150, B 151, C1 152, C2 153, and XK-41-B2
154 were obtained for the first time from Micromonospora
megalomicea (207) and were later isolated from culture broths
of Micromonospora inositola (208,209). 3′′-O-Demethyl-
2′′,3′′-anhydrolankamycin 155, lankamycin 156, kujimycin A
157, 15-dehydrolankamycin 158, 15-O-(4-O-acetyllar-
canosyl)-lankamycin 159, and 23672-RP 160 belonging to the
lankamycin/kujimycin group have been isolated from Strepto-
myces violaceoniger and Streptomyces spinichromogenes
(210–217). The brominated glycosidic macrolide lyngbyalo-
side 160a is produced by the marine cyanobacterium Lyngbya
bouillonii (218).

A new class of potent antifungal agents that comprise a 14-
membered macrocyclic lactam ring attached to a sugar flu-
virucin B1 163 (also known as Sch 38516) and B2 164 (Sch
38518) have been isolated from Actinomadura vulgaris subsp.
lanata (219,220). Fluvirucin B1 was active against Candida
sp. (MIC 0.91 µg/mL), and it also exhibited activity against the
influenza A virus. More recently, the 14-membered lactams flu-
virucins A1 161, A2 162, B1 163, B2 164, B3, B4, and B5
(with common aglycon like B1) have been isolated from dif-

ferent strains of actinomycetes, have been shown to be active
against the influenza A virus, and belong to the same family of
compounds (221–223). The morphology, chemotaxonomy, and
cultural and physiological characteristics of the five strains of
actinomycetes that produce antiviral antibiotics, fluvirucin con-
geners, have been studied. All strains have meso-2,6-di-
aminopimelic acid in the cell wall. Four strains, Q464-31,
L407-5, R359-5, and R516-16, belong to the maduromycetes
since they have madurose in the whole cell. The remaining one
strain, R869-90, has rhamnose but no madurose and was a no-
cardioform actinomycete. These five strains were classified and
designated as follows: Strain Q464-31 (fluvirucin A1 producer)
was Microtetraspora tyrrhenii sp. nov. (group of Actinomadura
pusilla), and strain L407-5 (fluvirucin B2 producer) was a
maduromycete. Strain R359-5 (fluvirucin B1 producer) was
Microtetraspora pusilla (group of A. pusilla). Strain R869-90
(fluvirucin A2 producer) was Saccharothrix mutabilis, and
strain R516-16 (fluvirucins B2, B3, B4, and B5 producer) was
a maduromycete (224). Also, fluvirucin B2 from Streptomyces
sp. MJ677-72F5 was found to inhibit PI-specific phospholipase
C (225).

15-MEMBERED RING MACROLIDES

Two antibiotics containing the sugar leucanicidin 165 and 19-
O-methylleucanicidin 166 are potent inhibitors of larval devel-
opment in the parasitic nematode Haemonchus contortus (226),
and they have been isolated from Streptomyces isolates A233,
A239, and A240.

A new 15-membered macrocyclic glycolipid lactone, cus-
cutic resinoside A 167, was isolated from the seeds of Cuscuta
chinensis (Convolvulaceae), which showed potency for stimu-
lating MCF-7 cell proliferation. The compound significantly
stimulated not only MCF-7 cell proliferation but also T47D
human breast cancer cells at a concentration of 10 µM (227).

16-MEMBERED RING GLYCOSIDIC MACROLIDES

The 16-membered ring as well as the 14-membered ring
macrolides are also a large group of natural macrocyclic com-
pounds produced by microorganisms and lower invertebrates.

230 REVIEW

Lipids, Vol. 40, no. 3 (2005)



The avermectins 168–179 are a family of naturally occurring
macrocyclic lactones with exceedingly high activity against
helminths and arthropods (228,229). A primary fermentation
product of Streptomyces avermitilis, avermectin B1 170, is an
important and widely used agricultural pesticide (230). Although
compound 168 is extremely effective against mites, it is much
less effective against nematodes, especially the cabbage looper,
the corn earworm, and the southern armyworm (230). The level
of activity against these species is insufficient to justify commer-
cial development for these uses. A mixture of naturally occur-
ring avermectins significantly suppressed the growth of the as-
cites Ehrlich carcinoma and P388 lympholeukemia and the solid
Ehrlich and 755 carcinomata (231).

Two novel unusual flavonol epimeric macrocyclic deriva-
tives, 180 and 181, have been isolated from the wild water lily
Nymphaea lotus (232). This is the first report of such a macro-
cycle from any source. Nymphaea lotus is widespread on the
Nile River and its tributaries in central and southern Sudan.
Throughout this region, the roots of the plant are usually
cooked as a starchy vegetable, whereas the roots and particu-
larly the leaves have been used in traditional Sudanese medi-
cine as a remedy for dysentery, to treat tumors (233), and as an
antibacterial (234). 

The spiramicins antibiotics 182–188 were isolated from cul-
ture broths of Streptomyces ambofaciens (235–238). High-
speed countercurrent chromatography was successfully applied

to the separation of spiramycin types I, II, and III (239). The
tylosin group antibiotics 189–195 and related compounds
196–199 were produced by microorganisms Streptomyces
fradie (240–242), and S. hygroscopicus (243).

A series of leucomycins, A1 200, A5 201, A7 202, A9 203, V
204, A3 (= josamycin) 205, A4 206, A6 207, A8 208, U 209, plate-
nomicin A1 210, medicamycin A2 211, medicamycin A1 (= es-
pinomycin A1; platenomycin B1) 212, platenomycin C2 (= espino-
mycin A3) 213, DHP 214, espinomycin A2 215, and platenomycin
A0 216 have been isolated from Streptoverticillium (Streptomyces)
kitasatoensis (232). A3 (= josamycin) 205 also was obtained from
culture broths of Streptoverticillium (Streptomyces) var.
josamyceticus (233). Antibiotics containing epoxy groups (posi-
tions 12,13), named maridomycin I (= platenomycin C3) 217, VII
218, III (= platenomycin C1) 219, V 220, II (= platenomycin C4)
221, IV 222, and VI 223, were obtained from culture broths of S.
hygroscopicus (244–252). Compounds 224–229 also have been
isolated from culture broths of S. hygroscopicus (253).

Some related 16-membered ring macrolides containing an
amino sugar, such as carbomycin B 230, platenomycin W1 231,
platenomycin W2 232, niddamycin 233, midecamycin A4 234,
midecamycin A3 235, DOA 236, and DOP 237, have been ob-
tained from Streptomyces platensis subsp. malvinus (253–258). A
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series designated by abbreviations (SF-837 and its derivatives
A1–A4) were obtained from another strain of Streptomyces my-
carofaciens (259–263), whereas niddamycin 233 was produced
by culture broths of Streptomyces djakatensis (264). Other
macrolides have a 12,13-epoxide. Acumycin 238 was isolated
from culture broths of Streptomyces griseoflavus (265). The same
compound was isolated from culture broths of Streptomyces fra-
diae var. acinicolor and designated cirramycin B 238. A6888C
(cirramycin F-1) 239 and cirramycin F-2 240 were produced by
Streptomyces flocculus (266), whereas the closely related
macrolide M119-A 241 was produced by an alkalophilic actino-
mycete (267). Similar derivatives with additional methoxyglyco-
sides include angolamycin 242, isolated from Streptomyces eury-
thermus (268), and staphcoccomycin 243, produced by culture
broths of Streptomyces sp. AS-NG-16 (269).

Cirramycin A1 244 was obtained from culture broths of Strep-
tomyces cirratus (270–272). Rosaramicin 245, formerly rosam-
icin, was produced by Micromonospora rosaria and shown to be
4′-deoxycirramycin A1 (273,274). Structures of four related
compounds produced by Micromonospora capillata (275,276),
including izenamicin A3 246, juvenimicin A4 247, M-4365 A1
248, and juvenimicin A2 249, are shown below. Hydrolysis of
both neutral sugars from tylosin yielded 5-O-mecaminosyl-ty-
lonolide (OMT, 250) (277). Analogous hydrolysis of mycarose
from DMOT, GS-77-3, and GS-77-1 yielded compounds
251–258 (278–280). A series named mycinamicines I–VII,
259–265, respectively, have been isolated from culture broths of
Micromonospora griseorubida (281–284).

Three antibiotics having a similar structure, chalcomycin
266 (285–287), neutramycin 267 (288–290), and CP-70-662
268 (291), are produced by Streptomyces bikiniensis, S. rimo-
sus, and S. hirsutus, respectively. Aldgamycin F 269, G 270
(also known as 8-deoxyaldgamycin F), and E 271 have been
isolated from culture broths of S. lavendulae (292) and S. avi-
dinii (293), and swalpamycin 272 was isolated from S. anandii
subsp. swalpus (294,295).

17–28-MEMBERED RING
MACROCYCLIC GLYCOSIDES

A novel 17-membered ring macrolide named versipelostatin
273, a metabolite of Streptomyces versipellis 4083-SVS6, was
isolated as a GRP78 molecular chaperone down-regulator
(296). GRP78 acts as a molecular chaperone in the endoplas-
mic reticulum by associating transiently with incipient proteins
to facilitate protein folding (297). Overexpression of GRP78
enables solid tumor cells to grow in hypoxic and glucose-
starved conditions, which is the characteristic circumstance of
the core of a solid tumor (298). Biosynthesis of versipelostatin
also was reported (299).

A new 18-membered ring resin glycoside, mammoside A
274, and three resin-glycosides, named mammosides B, H1,
and H2, were isolated from the tuber of Merremia mammosa
(Convolvulaceae) (300). The antifungal macrocyclic lactone
antibiotic, irumamycin 275, was found in the culture broth of
Streptomyces subflavus subsp. irumaensis nov. subsp. (301).
More recently, irumamycin 275 and two analogs, 275a,b, were
produced by newly isolated Streptomyces sp. strain US80
(302). Irumamycin and the two analogs showed antimicrobial
activities against Gram-positive and Gram-negative bacteria
(Escherichia coli ATCC 8739, Micrococcus luteus LB 14110,
Bacillus subtilis ATCC 6633, and S. aureus ATCC 6538). All
three pure compounds, 275 and 275a,b, inhibited growth of the
two filamentous fungi (Verticillium dahliae, Fusarium sp.) and
Candida tropicalis R2 CIP203; the highest antifungal activity
was shown by irumamycin 275 (302).

Concanamycin A 276 and related compounds B and C were
isolated from the mycelium of Streptomyces diastatochromo-
genes S-45 as effective inhibitors of concanavalin A-stimulated
proliferation of mouse splenic lymphocytes (303). They repre-
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sent a new class of 18-membered macrolide antibiotics and are
biologically active in vitro against several fungi and yeasts, but
not bacteria. Concanamycin A, the main component, has been
identified with the antifungal antibiotics folimycin and A-661-I;
it is a potent and specific ATPase inhibitor (304).

The tiacumicins are a group of 18-membered macrolide an-
tibiotics originally isolated from the fermentation broth of
Dactylosporangium aurantiacum subsp. hamdenensis
(305–310). Tiacumicin B 277a, the major antibiotic component
produced by this culture, contains an unsaturated 18-membered
macrolide ring with a seven-carbon sugar at carbon 11 and a 6-
deoxysugar at carbon 20. This compound is apparently identi-
cal to one of the lipiarmycins, a previously described group of
lipiarmycin antibiotics, 277c,d, produced by Actinoplanes dec-
canensis, and to clostomicin B1, an antibiotic from Mi-
cromonospora echinospora (309). Tiacumicin C 277b differs

in the position of butyrate esterification on the seven-carbon
sugar. Tiacumicin C appears to be identical to clostomicin B2,
a member of the clostomicin complex isolated from M. echi-
nospora (309). Tiacumicins B 277a and C 277b showed in
vitro activity against 15 strains of Clostridium difficile (MIC
0.12 µg/mL for B, and 0.25 µg/mL for C) (309,310).

The first macrocyclic anthocyanin pigment was discovered
in 1998 by Bloor (311). He examined flowers of the
red/mauve carnation (Dianthus caryophyllus) cultivars ‘Ko-
rtina Chanel’ and ‘Purple Torres’ grown in New Zealand and
found them to contain the unique macrocyclic anthocyanin
pigment 278a, a malylated cyanidin 3,5-diglucoside in which
the malyl group is linked to both sugars (311). More recently,
278a and 278b were isolated from the same plant grown in
Japan (312). Macrocyclic compound 278b also was found in
the ‘Cyclamen Red’ (or pink) flowers from Italy, France, and
The Netherlands (‘Red Rox’) (313). The modified violet car-
nation cultivars ‘Moondust’ and ‘Moonshadow’ (Dianthus
caryophyllus) produce a cyclic delphinidin type anthocyanin
elphinidin, 279 (314). A new antitumor antibiotic (against
human colon carcinoma Co-3), vicenistatin 280, was isolated
from the culture broth of Streptomyces sp. HC34 and is a
unique 20-membered macrocylic lactam with a novel amino
sugar vicenisamine (315). 

A new antifungal 24-membered polyene macrolide, tetrin
281, and the related compounds tetrins A 282 and B 283, and
tetramycins A 284 and B 285 have been isolated from Strepto-
myces sp. GK9244 (316). Maduralide 286, a novel macrolide
possessing a 24-membered ring, was isolated from a marine
actinomycete grown in liquid culture (317).
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Pimaricin 287 and the analog de-epoxy-pimaricin 288 are
24-member ring lactone antifungal antibiotics (318) produced
by Streptomyces natalensis ATCC 27448, which is widely used
in the food industry to prevent mold contamination on cheese
and other nonsterile foods (319,320). The anti-inflammatory
pentaene 28-membered ring lactones eurocidins C, D 289, and
E have been isolated from the culture broth of Streptoverticil-
lium eurocidicum IFO 13491 as the inhibitors (321–323). Eu-
rocidins C and E do not contain sugar moieties in their struc-
ture.

30–72-MEMBERED RING
MACROCYCLIC GLYCOSIDES

A new macrolide lactone antifungal antibiotic, brasilinolide A
290, was isolated from the fermentation broth of Nocardia sp.
IFM 0406. The producer was identified as Nocardia brasilien-
sis (324,325). This macrolide was active only against As-
pergillus niger but not against other fungi including yeasts or
other filamentous fungi and bacteria. Brasilinolide A also
showed an immunosuppressant activity in the mixed lympho-
cyte reaction with an IC50 of 0.625 µg mL−1. More recently,
brasilinolides B 290a and C 290b were isolated from N.
brasiliensis and from N. brasiliensis strain IFM0406 (326). The
290b showed cytotoxicity against murine lymphoma P388
cells (IC50 8.3 µg/mL), whereas 290 was not cytotoxic at IC50
100 µg/mL.

The new, highly complex chlorinated pyrrole-containing
macrolide colubricidin A 291 was isolated from the fermentation
broth of a new Streptomyces sp. LL-C13122 (327). It showed ne-
matocidal activity against Caenorhabditis elegans and also
demonstrated potent activity against Gram-positive bacteria.

The polyene macrolide antibiotic nystatin 292 produced by
Streptomyces noursei ATCC 11455 is an important antifungal
agent. The nystatin molecule contains a polyketide moiety rep-
resented by a macrolactone ring to which the deoxy sugar my-
cosamine is attached (328). The biosynthetic pathway of ny-
statin has been elucidated (328).
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Amphotericin B 293, the first commercially significant anti-
fungal drug, has been available for more than 30 years and was
described by Oura et al. (329). According to the National Li-
brary of Medicine (Bethesda, MD), more than 13,000 experi-
mental and review articles have been published on ampho-
tericin B 293 during the last 30 years. This polyene macrolide
antifungal agent continues to play a major role in the treatment
of systemic fungal infections, despite the introduction of newer
agents such as the azoles. Because of the proven efficacy of
amphotericin B and the increasing number of indications for
antifungal agents, an extensive review of this drug has been
published (330). This paper discusses the clinical uses of am-
photericin B, including its application in AIDS-related fungal
infections, in neutropenic cancer patients who are persistently
febrile, and in infections of the central nervous system, lungs,
peritoneum, genitourinary system, eyes, and skin. The paper
also reviews the drug’s adverse reactions, with a discussion of
administration techniques that may reduce these reactions, and
its spectrum of activity, pharmacokinetics, and dosage and ad-
ministration (330). 

Candicidin 294, an aromatic heptaene antibiotic produced
by Streptomyces griseus IMRU 3570, was discovered by
Lechevalier (331) and named antibiotic C135, although it was
renamed candicidin because of its strong activity against
species of Candida. Candicidin was used to treat vaginal can-
didiasis (332–334) and prostatic hyperplasia (335).

A few 42-membered macrolactone glycosides have been
isolated from the microorganisms. Oasomycin B 295 contains
α-D-mannose at the 22 carbon atom produced by Streptoverti-
cillium baldacci subsp. netropse (strain FH-S 1625) (336), as

do desertomycin A 296 and B 297. Oasomycin B 295 and de-
sertomycins 296 and 297 vary in the side chains located at car-
bon atom 41 and in the α-1-O-linked D-mannose moiety at-
tached to carbon atom 22. Desertomycin A 296 exhibits selec-
tive antifungal and broad antibacterial activity in vitro as well
as considerable cytotoxic effects. The acute toxicity in mice
was reported to be in the range of 1–12 mg/kg [LD50 (dose at
which 50% of test subjects die) = 1.5 mg/kg s.c. (337) and 12
mg/kg p.o. (338)]. Mathemycins A 298 and B 299, new anti-
fungal macrolactone glycosides, have been isolated from Actin-
omycete species (339–341). The compounds of 298 and 299
show moderate in vitro activity against the following phy-
topathogens, with minimum active concentration values of
62.5 mg/L: Fusarium culmorum, Alternaria mali, Botrytis
cirea, Pellicularia sasaki, Leptosphaeria nodorum, Pyricularia
oryzae, Pseudocercosporella herpotrichoides, and Phytoph-
thora infestans.

A unique new 52-membered ring cyclic β-glucan, α-cy-
closophorohexadecaose 300, was purified from cultures of
Xanthomonas campestris (342). 
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Archaebacteria thrive in environments characterized by
anaerobiosis, saturated salt, and both high and low extremes of
temperature and pH. The bulk of their membrane lipids are
polar, characterized by the archaeal structural features typified
by ether linkage of the glycerol backbone to isoprenoid chains
of constant length, often fully saturated, and with sn-2,3 stereo-
chemistry opposite that of glycerolipids of bacteria and eukarya
(343). Molecular species of C40 isoprenoid chains, having dif-
ferent numbers of cyclopentane rings, were detected in the
ether core lipid of Thermoplasma acidophilum (344,345). The
average cyclization number of the hydrocarbon chains in the
lipids increased with increasing growth temperatures. Two neu-
tral glycolipids, 301 and 302, isolated from T. acidophilum pro-
vide examples of the unusual 72-membered ring macrocyclic
structures of archaebacteria lipids. The same glycolipids are
produced by some other archaebacteria (343).

UNUSUAL BOLAFORM AMPHIPHILES

Bolaform amphiphilic compounds exhibit diverse surface ac-
tivities, biodegradability, reactivity, and antimicrobial proper-
ties (346). Bola-amphiphiles are molecules with two polar head
groups separated by one or more hydrophobic spacer groups;
three general types can be identified (see Fig. 1). The polar
groups include glycerol and related polyols and are connected
to the hydrophobic chain through ether, acetal, ester, and amide
links (347). Compounds of type A can form micelles or mono-
layer lipid vesicles for a range of variants in the structure, but
more complex behavior has been observed for bis(azacrown
ether) bola-amphiphiles (micelle or multilamellar vesicle for-
mation depending on the length of the spacer group) (348).
Compounds with polyhydroxy head groups act as gelling
agents in water by forming fiber-like aggregates (349); similar
rods and tubules are formed by self-assembly of bola-am-
phiphiles with amino acid and ammonium functionalities as the
head groups (350). One interesting property of many bola-am-
phiphiles is their capacity to become incorporated into lipid
membranes. Depending on its structure, the bola-amphiphile
can act either as a membrane-disrupting agent (351,352) or as
a membrane stabilizer (353). Most studies of bola-amphiphiles
that interact with membranes involve either pseudomacrocyclic
type B or macrocyclic type C structures. These are analogs of
the lipid constituents of the highly stable membranes from ar-
chaebacteria (see structures 301 and 302). These bacterial
membranes are made up of macrocyclic lipids (type C) with
two polyisoprenoid spacer groups attached to the glycerol head
groups by ether linkages (354). The nondenaturing properties
of bolaform amphiphilic compounds, sugar-based nonionic
surfactants, may provide interesting advantages for these com-
pounds in cosmetic, pharmaceutical, and food applications. 

The novel pseudomacrocyclic bola-amphiphilic (type B)
compounds 303 and 304 have been synthesized (355,356), as
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have galactose-based (type C) macrocyclic surfactant 305
analogs of archaeobacterial membrane components (356).
Compound 305 and the pseudomacrocyclic bolaforms 303 and
304 display interesting new surface tension properties; they are
insoluble in water and undergo monolayer compression. 

Macrocyclic compounds such as porphyrins, their analogs
and derivatives have been widely used as photosensitizers in
photodynamic therapy for cancer diseases (357–360). The pho-
tosensitizer 306, 3,12,13,22-tetraethyl-8,17-bis[(2-amino-2-
deoxy-α,β-D-glucopyranose)-carbonylethyl]-2,7,18,23-tetra-
methyl-sapphyrin, has been synthesized (361), and the biolocal-
ization and photochemical properties of this sapphyrin 306
have been investigated (361). This photosensitizer absorbs in
the far visible region, shows good tumor localization, and
demonstrates a significantly larger absolute and relative tumor
to normal tissue ratio (ratio T/N; amount in tumor, 330 µg g−1

wet tissue, T/N = 19.0). Raman spectroscopic studies indicate
that the monomerized photosensitizer 306 effectively damaged
BSA and calf thymus DNA after light excitation under the con-

ditions of a large excess of this macromolecule. Porphyrin de-
rivatives with eight sugars, 307 and 308, with activity against
some cancer cells, also were synthesized (362). 

Fujimoto et al. (362) also synthesized the new biologically
active saccharide-coated macrocycles 309 and 310, and found
that rat hepatoma cells bind a calixarene having two galactoses
on each of its four aromatic rings. Spleen cells lacking specific
galactoside receptors did not bind this calixerene, nor did rat
hepatoma cells bind the calixarene substituted with glucose in-
stead of galactose. The more effective analogs 311–315, with
two galacto-calixarene macrocycles covalently joined by a long
spacer and belonging to type B bolaform surfactants, were syn-
thesized by Menger and co-workers (363); the authors pro-
posed that the new bolaforms 311–315 might “glycotarget” a
group of cancer cells and thereby interconnect them for thera-
peutic purposes. 
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FIG. 1. Basic structures of bolaform surfactants: Type A, single-chain
bolaform; Type B, pseudomacrocyclic bolaform; Type C, macrocyclic
bolaform.



Over the last 50 years, a great number of new therapeutic
agents have been discovered. However, in spite of the unques-
tionable advances in pharmacotherapy, it is calculated that a
satisfactory treatment has yet to be developed for two out of
every three diseases. This is the case for numerous forms of
cancer and viral or heart diseases. The need for new, more spe-
cific. and better adapted medicines is greater each day. We have
reviewed more than 300 natural glycoside-containing com-
pounds, and some of them and/or their synthetic derivatives
could eventually be used as potent therapeutic agents. The ma-
rine environment constitutes a vast potential source of new
bioactive molecules. One of the most interesting groups of sub-
stances of marine origin, from the pharmacological point of
view, is that of the acyclic or cyclic polyethers, which gener-
ally present a great diversity in size and potent biological activ-
ities.

With the examples of recent product innovations from bo-
laform chemistry and the successful development of synthetic
capabilities and biologically potent products, the potential for
drug development in this area also has been demonstrated.
Combining novel marine and terrestial raw materials, as well
as deriving new synthetic methods to form new products, will
also be a challenge for research and development in the future,
as will be the development of products for polymer or compos-
ite applications. Extensive basic investigations, especially re-
garding the use of new natural surfactant derivatives, can be
expected in the near future.
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ABSTRACT: Potato tuber lipoxygenase (ptLOX) has been shown
to catalyze the aerobic formation of at least four major oxy-
genated derivatives of DHA. Two of the products—7,17(S)- and
10,17(S)-dihydro(pero)xy-DHA [7,17- and 10,17-diH(P)DHA]—
were formed from soybean 15-LOX-derived 17(S)-hydro(pero)xy-
DHA [17(S)-H(P)DHA], whereas two novel oxylipin compounds—
10(S)-hydro(pero)xy-DHA and 10,20-dihydro(pero)xy-DHA
[10(S)-H(P)DHA and 10,20-diH(P)DHA, respectively]—were the
major direct products of DHA oxidation by ptLOX. The reactions
proceeded relatively slowly but could be stimulated by catalytic
amounts of SDS. Micromolar concentrations of 10(S)-HPDHA ef-
fectively abolished the kinetic lag period of ptLOX activation. En-
zymatic activity with DHA or 17(S)-HPDHA as substrate was
about 8% of that with linoleic acid—a standard natural ptLOX
substrate—whereas 17(S)-HDHA was converted at a rate of ~1%.
The enzyme was relatively unstable and quickly inactivated dur-
ing the reaction with DHA on with 17(S)-HPDHA (first-order ki-
netic constant of inactivation kin = 1.5 ± 0.3 min−1), but not with
17(S)-HDHA. Both 7,17- and 10,20-diH(P)DHA were clearly
products of double oxygenation catalyzed by soybean 15-LOX
and/or ptLOX. Our observation that ptLOX could convert 17-
HDHA to 10,17-diH(P)DHA indicates that this dihydroxylated
derivative of DHA also can be formed via a double lipoxygena-
tion mechanism.

Paper no. L9683 in Lipids 40, 249–257 (March 2005).

Potato tuber lipoxygenase (ptLOX, EC 1.14.18.1) has been
shown to catalyze oxygenation of a range of PUFA (1–4) as
well as some of their derivatives, e.g., linoleic acid methyl ester
(5), glyceryl ester (6), and linoleyl alcohol (7,8). The reactions
proceed in micellar solutions with maximal reaction rates at pH
values slightly below neutrality, typically 6.3 to 6.5. Under

these conditions, ptLOX substrates—PUFA and their deriva-
tives—are poorly soluble and tend to aggregate quickly. To
make the reaction mixtures more thermodynamically stable
and homogeneous, it was proposed to include in the reaction
mixtures small amounts of the nonionic detergent Lubrol PX
(5,9–11) or a similar compound, the monododecyl ether of de-
caethylene glycol (C12E10) (6–8). The rates of the dioxygena-
tion reactions were greatly enhanced in the presence of certain
acidic amphiphilic compounds (activators) (6–8,10,11; and ref-
erences therein). The product profile was not noticeably af-
fected by inclusion of the activators (5,6,8). Under these condi-
tions, ptLOX formed several positional and geometrical iso-
mers of the oxygenated products, which occurred partly owing
to the dual (normal and inverse) orientation of the substrate
molecule in the enzyme’s catalytic center, and partly because
of enzyme-triggered nonenzymatic reactions (6,8). It was
found that inclusion of free-radical scavengers [e.g., TEMPO
(2,2,6,6-tetramethyl-1-piperidinyloxy)] in the reaction mix-
tures substantially increased the optical purity of the oxygena-
tion products by suppressing nonenzymatic free-radical chain
reactions (6,8).

Recently, several DHA oxygenation products have been
identified, including mono-, di- and trihydro(pero)xy-DHA
(4,12–14)], a common feature of which is oxygenation at C17
of DHA. This group of compounds was termed “resolvins” be-
cause they were formed during the resolution phase of an acute
inflammatory response, after treatment of experimental animals
and cells with acetylsalicylic acid (ASA) and DHA. The mech-
anism of formation of some of them, e.g., 7,17(R)-dihydroper-
oxydocosahexaenoic acid [7,17(R)-diHPDHA], was postulated
to start with oxygenation of DHA by cyclooxygenase-2 acety-
lated with ASA (4,12), although in a recent paper it was pro-
posed that a LOX-catalyzed formation of 17(S)-HPDHA could
also be a starting point in making 10,17(S)-dihydroxy DHA
(diHDHA) (14). The same group found that many of these
singly, doubly, and triply oxygenated compounds could also be
formed in “one-pot reactions” of DHA oxidation catalyzed by
ptLOX and soybean 15-LOX (4,12). However, no detailed in-
formation on the reactions was provided. 

In this report, we describe two novel oxylipins formed from
DHA by ptLOX, as well as further studies on the conversion
by ptLOX of soybean 15-LOX-derived 17(S)-HPDHA and
17(S)-HDHA.
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EXPERIMENTAL PROCEDURES

DHA was purchased from Nu-Chek-Prep (Elysian, MN). Soy-
bean 15-LOX type 1-B (100 KU/mg solid; activity measured
as described by the manufacturer) was a product of Sigma-
Aldrich (Stockholm, Sweden). Potato LOX was purchased
from Cayman Chemical (Ann Arbor, MI) and according to the
manufacturer’s data was 98% pure. The purity of the protein
was retested by SDS-PAGE. The enzyme produced a single
band on a 10–15% gradient gel on a PhastSystem (Pharmacia-
LKB) with Coomassie® brilliant blue G-250 staining. For
preparative synthesis of lipid metabolites, semipurified ptLOX
from locally grown potato tubers was used. (In preliminary ex-
periments, the purity of the enzyme preparations was shown to
have no effect on the product profile of DHA oxidation.) Other
compounds were purchased from Sigma-Aldrich. A Waters
Spherisorb Si 5 µm 3.2 × 250 mm straight-phase HPLC (SP-
HPLC) column was a product of Supelco (Bellefonte, PA). A
Chiralcel OB-H 4.6 × 250 mm chiral column was manufac-
tured by Daicel Chemical Industries, Ltd. (Tokyo, Japan).
HPLC-grade solvents were obtained from Rathburn Chemical
Ltd. (Walkerburn, Scotland). A Hewlett-Packard HPLC sys-
tem equipped with a 1040A diode-array detector and Chem-
Station software was used in chromatographic experiments. 

Enzymatic oxidation of DHA by soybean 15-LOX. Soybean
15-LOX-catalyzed oxidation of DHA resulting in formation of
17(S)-HPDHA was described earlier (15). In our modified pro-
cedure, virtually 100% conversion of DHA into 17(S)-HPDHA
was obtained. Briefly, a 10-mL aliquot of 100 µM DHA dis-
solved in aerated 0.05 M sodium borate buffer (pH 9.0) was
mixed with ~100 µg soybean 15-LOX and left at 4°C for 10
min under constant stirring. To convert the newly formed hy-
droperoxide(s) of DHA into the corresponding hydroxides, a
solution of NaBH4 in 1 M NaOH was added to the reaction
mixture at the end of the incubation period (final concentration
of the reducing agent, 0.5 mg/mL), and the mixture was left for
another 15 min at 4°C under gentle stirring (foaming!). The re-
action was then stopped, and the excess of NaBH4 was decom-
posed by adding 0.1 mL of glacial acetic acid after which the
mixture was allowed to stand on ice for another 15 min. When
the target product was 17(S)-HPDHA, the reduction step was
omitted from the procedure. Finally, the product was passed
through a 500-mg Supelco Discovery C18 solid-phase extrac-
tion cartridge in accordance with the manufacturer’s recom-
mendations, the cartridge was washed with distilled water, and
the products were eluted with absolute ethanol. After evapora-
tion of the solvent, 17(S)-HDHA was redissolved in absolute
ethanol and stored at –20°C under argon for a week without no-
ticeable degradation of the sample. The extent of reduction was
monitored by SP-HPLC analysis of the products in a hexane/2-
propanol/acetic acid (989:10:1, by vol) solvent mixture as de-
scribed below. Under these conditions, 17-HDHA had a shorter
retention time (RT) than 17-HPDHA.

Enzymatic oxidation of DHA by ptLOX. The reactions were
performed essentially as described before for linoleyl alcohol
(7,8) and 1-monolinoleoyl glycerol (6). For preparative-scale

synthesis of DHA metabolites, the reaction mixture was com-
posed of 100 µM DHA, 0.02% C12E10, 100 µM SDS, and 1
mM TEMPO dissolved in 10 mL of aerated 0.05 M MES-
NaOH buffer with pH 6.3. The reaction was started by adding
~2 U of ptLOX [1 U was defined as the amount of enzyme that
catalyzed formation of 1 µmol of 9(S)-hydroperoxyoctadeca-
dienoic acid (HPODE)/min with linoleic acid (LA) as sub-
strate], and the mixture was incubated for 15 min at 4°C under
constant stirring. At the end of the incubation period, the reac-
tion was stopped with acetic acid; the products were extracted
as described above for soybean 15-LOX products, redissolved
in absolute ethanol, and stored at –20°C under argon. For ki-
netic experiments performed spectrophotometrically as de-
scribed earlier for other LOX substrates (5,6,8,9), TEMPO was
excluded from the mixture because its high absorptivity inter-
fered with UV analysis, and the total volume of the reaction
mixture typically was 0.5 mL. The reactions were carried out
in quartz spectrophotometric cells at room temperature (23 ±
1°C). The reactions were started by adding enzyme aliquots
followed by vigorous mixing of the solution with a pipette and
were monitored at 238 (for conjugated dienes) or 272 nm (for
conjugated trienes, see below). Molar absorption coefficients
(εm) of the conjugated dienes and trienes formed during the re-
action were assumed to be 25,000 M−1 cm−1 (16) and 40,000
M−1 cm−1 (estimate), respectively. 

Enzymatic synthesis of 7,17- and 10,17-diH(P)DHA. The
doubly oxygenated metabolites of DHA were prepared using
the procedure described above for DHA by incubating either
17(S)-HDHA or 17(S)-HPDHA (100 µM final concentration)
with ~2 U of ptLOX.

SP-HPLC on silica gel. Crude product mixtures were ana-
lyzed chromatographically on a Waters Spherisorb Si 5 µm 3.2
× 250 mm SP-HPLC column. Detection of the eluted peaks
was performed simultaneously at 236 (conjugated dienes) and
270 nm (conjugated trienes). Monohydroxylated FA were
eluted by a hexane/2-propanol/acetic acid (989:10:1, by vol)
solvent mixture at a flow rate of 1 mL/min, whereas dihydrox-
ylated acids were separated in a hexane/2-propanol/acetic acid
(979:20:1, by vol) mixture at the same flow rate, unless indi-
cated otherwise. The individual fractions of oxygenated DHA
metabolites were collected manually, and their purities were
rechecked under the same conditions. 

GC–MS. The isolated fractions of individual lipids were
subjected to catalytic hydrogenation with H2 over PtO2 (15).
Then the samples were trimethylsilylated with a trimethyl-
chlorosilane/pyridine mixture and evaporated under vacuum;
the residue was redissolved in a small volume of dry hexane
and then analyzed by GC–MS. A Hewlett-Packard model 5970
mass selective detector connected to a Hewlett-Packard model
5890 gas chromatograph was used for GC–MS. A capillary
column of 5% phenylmethylsiloxane (length, 12 m; film thick-
ness, 0.33 µm; carrier gas, helium) was used. The temperature
was raised from 120 to 260°C at a rate of 10°C/min. 

GLC. GLC was carried out with a Hewlett-Packard model
5890 gas chromatograph equipped with an FID and a methyl-
silicone capillary column (length, 25 m; film thickness, 0.33
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µm; carrier gas, helium). The column temperature was raised
2°C/min starting at 190°C.

Steric analysis of the products. Determination of the ab-
solute configuration of allylic alcohol groups in LOX-gener-
ated metabolites was carried out by GLC analysis of (−)-men-
thoxycarbonyl (MC) derivatives of short-chain esters formed
upon oxidative ozonolysis (17). The analyte (10 µg or less) was
derivatized by treatment with (−)-menthoxycarbonyl chloride
(20 µmol; Aldrich) in a mixture of toluene (30 µL) and dry
pyridine (5 µL) at 23°C for 1 h. The reaction mixture was sub-
jected to TLC using a solvent system of ethyl acetate/hexane
(5:95, vol/vol). A broad zone of silica gel corresponding to Rf
0.6–0.8 was scraped off and eluted with distilled diethyl ether.
The MC derivative thus eluted was dissolved in 0.5 mL of chlo-
roform, cooled to −20°C, and exposed to a stream of
ozone/oxygen (1:9, vol/vol) for 30 s. Solvent was removed
under argon and the residue treated with 0.1 mL of peracetic
acid at 40°C for 15 h. The residue obtained following evapora-
tion of the reagent was treated with diazomethane and analyzed
by GLC and GC–MS using a reference sample of the MC de-
rivative of dimethyl (±)-malate. Under the conditions used, MC
derivatives of 2(S)-hydroxyesters or diesters elute at shorter RT
compared with those of the corresponding 2(R)-hydroxy deriv-
atives.

The mono- and dihydroxylated DHA (methyl esters) were
also analyzed on a Chiralcel OB-H chiral column. The mono-
hydroxylated derivatives were eluted with hexane/2-propanol
(99:1, vol/vol) solvent mixture, whereas dihydroxylated com-
pounds were analyzed in a hexane/2-propanol (80:20, vol/vol)
solvent mixture, both at a flow rate of 1 mL/min. Peaks were
detected at 236 and/or 270 nm.

RESULTS

Oxidation of DHA. Under aerobic conditions, ptLOX trans-
formed DHA into a compound with a λmax at 238 nm, indica-
tive of a 1,4-pentadiene to 1,3-conjugated diene transformation
usually associated with LOX-catalyzed monooxygenation of
unsaturated FA (Fig. 1A). Then the catalytic activity of the en-
zyme was determined spectrophotometrically by monitoring
the progress curves of the reaction at 238 nm. Under similar
conditions, ptLOX activity with DHA as substrate was found
to be ~7.5% of that with LA. Unlike the reaction with LA,
ptLOX-catalyzed oxygenation of DHA stopped long before the
FA and molecular oxygen had been depleted, thus giving a rel-
atively low product yield (Fig. 1B, curve a). When equal
aliquots of active enzyme were added to the same reaction mix-
ture, the reaction proceeded with reaction rates and product
yields approaching those of the first incubation (Fig. 1B, curves
b and c). The yield of the lipid oxidation product was propor-
tional to the amount of the enzyme added: a 3-fold increase in
the initial enzyme concentration in the reaction mixture led to
a ~2.8-fold increase in the product formation. Also, the same
patterns of enzyme inactivation/inhibition during reaction, and
of reaction restoration with fresh enzyme, were observed at
higher enzyme concentrations (data not shown). The kinetics

of ptLOX inactivation during oxidation of DHA was investi-
gated in more detail. A previously described mathematical ap-
proach (18; and references therein) was applied to determine
an apparent first-order kinetic constant of ptLOX inactivation
during the reaction (kin). We thus found that the progress curve
of 100 µM DHA oxidation by ptLOX in the presence of 5 µM
10-HPDHA [added to eliminate the well-known lag period of
the enzyme activation (5,6,8,9,19) was adequately described
by a simple reaction inactivation equation:

[1]

where Pt is the product concentration (in absorbance units, AU)
at time t, and V0 is the initial reaction rate (Fig. 1C). The values
of V0 and kin were found to be 0.104 AU/min and 1.28 min−1,
respectively (as ε238 = 25,000 M−1 × cm−1, the rate of 0.104
AU/min translates into ~4.2 µM of product/min). A 3-fold in-
crease in the initial concentration of ptLOX led to a 3.5 ± 0.5
fold increase in the V0 and a concurrent increase in kin to ~1.8
min−1. According to Equation 1, when t → ∞, then Pt → V0/kin
= Plim, i.e., the product yield at the end of the catalytic reaction
in which an enzyme undergoes fast inactivation. Simple calcu-
lations of the reaction yield using the values determined for V0
and kin showed that a 3-fold increase in the initial enzyme con-
centration should give a 2.6-fold increase in the product forma-
tion, which is close to the value obtained experimentally (2.8).
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FIG. 1. Oxidation of DHA by potato tuber lipoxygenase (ptLOX). (A)
Formation of the conjugated dienes during oxidation of 100 µM DHA
by ptLOX. Experimental conditions: as described in the Experimental
Procedures section. The reaction was initiated by adding 5 µL of ptLOX
stock solution. Spectra a to f were recorded at 30-s intervals. (B) Kinetic
curves of DHA oxidation by ptLOX. Experimental conditions: as de-
scribed in the Experimental Procedures section. Substrate: 100 µM
DHA. The reaction was initiated by adding 2.5 µL of ptLOX stock solu-
tion. Absorbance was measured at 238 nm. Arrows indicate the time
points when equal ptLOX aliquots were added. (C) Reaction inactiva-
tion of ptLOX on oxidation of 100 µM DHA. Open circles: experimen-
tal points. Solid line: kinetic curve computed using Equation 1 and the
following parameters: V0 = 0.10398 AU/min; kin = 1.28 min−1.



Oxidative conversion of 17(S)-H(P)DHA. During incuba-
tion of 17(S)-HPDHA with ptLOX, the hydroperoxide was
effectively transformed into another product, which had a
UV-spectrum of a 1,3,5-conjugated triene with clear maxima
at 272 and 280 nm (Fig. 2). The increase in the optical den-
sity in the region from 260 to 280 nm was accompanied by a
simultaneous decrease in the absorbance at λ 238 nm. A sin-
gle isosbestic point (λ 251 nm) has been found in the elec-
tronic spectra of the reaction mixture taken while the reaction
progressed (Fig. 2), which is indicative of a direct transfor-
mation of 1,3-conjugated diene into 1,3,5-conjugated triene
(Scheme 1):

In a manner similar to the oxidation of DHA, a rapid loss of the
enzymatic activity with kin = 1 min−1 was observed during the
reaction with 17(S)-HPDHA (data not shown). The observed
reaction rate was ~8.3% of that with LA as substrate (Table 1). 

17(S)-HDHA was converted by ptLOX into a new product
possessing a similar electronic spectrum with a triplet 260, 270,
and 280 nm and an isosbestic point at 250 nm (Fig. 3). The re-
action rate of 17(S)-HDHA conversion was noticeably slower
than that of 17(S)-HPDHA, but the former reaction eventually
gave a comparable, or even higher, yield of the triene(s) owing
to a much slower enzyme inactivation/inhibition (Fig. 4). The

value of kin could not be computed because of the complex
form of the kinetic curve. Interestingly, a noticeable lag period
of ptLOX activation was observed with 17(S)-HDHA as sub-
strate because the reaction achieved its maximal rate only after
12 min into the reaction (Fig. 4, inset). The lag was visible on
both the progress curves—17(S)-HDHA decomposition and
the conjugated triene formation—and was virtually nonexis-
tent in the case of 17(S)-HPDHA (Fig. 2, inset).

Characterization of the oxygenated products. For elucida-
tion of the molecular structures of the main products of DHA
oxidation, the lipids were extracted and analyzed by SP-HPLC
and GC–MS. A typical chromatogram of the products of DHA
oxidation (Fig. 5) showed two major products (compounds I
and II), with considerably different retention times on a silica
gel column. The UV spectrum of the less polar compound I
with λmax 236 nm is typical for monohydroxylated PUFA,
whereas the much more polar compound II, dissolved in the
mobile phase, showed a less common electronic spectrum (Fig.
5, inset) with two maxima at 224 and 242 nm (A224/A242 =
1.37). To ensure that the UV spectrum of compound II was not
a superposition of spectra of two different co-eluting sub-
stances, compound II was rechromatographed in several
hexane/2-propanol/acetic acid mixtures either in the form of a
free acid or methyl ester (data not shown). It was concluded
that compound II indeed possessed the electronic absorption
spectrum depicted in Figure 5. Interestingly, the same sample
of purified compound II dissolved in ethanol showed a some-
what different UV spectrum with a primary maximum at about
243 nm and a secondary maximum (or a shoulder) at 224 nm
with A224/A243 = 0.7.

Compounds I and II were isolated by SP-HPLC and, after
catalytic hydrogenation and trimethylsilylation, subjected to
EI GC–MS analysis. A total ion chromatogram of compound
I (Fig. 6A) revealed the presence of one major peak with an
RT of ~16.1 min. The fragmentation pattern of the di-
trimethylsilyl (di-TMS) derivative of the totally hydrogenated
compound I showed three prominent fragments with m/z 73,
271, and 331, and less intense fragments 469 and 485 (Fig.
6B). All the major fragments were shown to coelute as a sin-
gle peak if plotted as a single ion monitoring chromatogram
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FIG. 2. ptLOX-catalyzed conversion of 100 µM 17-hydroperoxy DHA
(17-HPDHA) into a conjugated triene. Experimental conditions: as de-
scribed in the Experimental Procedures section for DHA. The reaction
was initiated by adding 10 µL of ptLOX stock solution. Spectra a to e
were recorded at 1-min intervals. Inset: Kinetic curves of ptLOX-cat-
alyzed conversion of 100 µM 17-HPDHA recorded at 238 and 272 nm.
For other abbreviation see Figure 1.

TABLE 1 
Comparison of the Activity of ptLOX with Various Substratesa

Analytical
Substrate Product wave-length, Activityb,
100 µM formed nm % kin, min−1

Linoleic acid 9(S)-HPODE 234 100 0.2c

DHA Hydroperoxy-DHA 238 7.6 1.5 ± 0.3
17(S)-HPDHA Triene(s) 272 8.3 ~1
17(S)-HDHA Triene(s) 272 1 NA
aptLox, potato tuber lipoxygenase; 9(S)-HPODE, 9(S)-hydroperoxyoctadeca-
dienoic acid; 17(S)-H(P)DHA, 17(S)-hydro(pero)xy-DHA; NA, not available.
bWhen calculating the activity of ptLOX with different substrates, ε238 =
25,000 M−1 × cm−1 and ε272 = 40,000 M−1 × cm−1 were used. Composition
of the reaction mixture was as follows: 0.5 mL of 0.1 mM substrate, 0.1 mM
SDS, 0.02% (wt/vol) monododecyl ether of decaethylene glycol (C12E10),
0.05 M MES/NaOH buffer pH 6.3, ambient temperature (23 ± 1°C).
cFrom Reference 9.
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(Fig. 6C). These data provide strong evidence that the com-
pound in hand is fully hydrogenated diTMS-10-HDHA
(M.W. 500.9), whereas the starting compound I is 10-HDHA. 

Fully trimethylsilylated and hydrogenated compound II pro-
duced characteristic fragments with m/z 73, 117 (minor), 131,
331, 359, and 469 (Fig. 7). The following assignments of the
common fragments were made: m/z 73 − Si(CH3)3, 117 −
COOSi(CH3)3, 131 − CH3CH2CHOSi(CH3)3, 469 − (588 −
TMSiOH − CH2CH3), M.W. 589.1, exact mass 588.4. The rest of
the fragments are depicted in Figure 7. These data, in combina-
tion with the fragmentation pattern of the same compound II
treated with diazomethane prior to trimethylsilylation (m/z 73,
131, 273, 359, and 515, data not shown) proved that it is a C22 FA
with two hydroxyls at carbons 10 and 20, i.e., 10,20-diHDHA.

To determine whether 10-HDHA had been formed as a sin-
gle optical isomer, it was converted into the methyl ester and
analyzed by HPLC on a chiral column as described in the Ex-
perimental Procedures section. The compound eluted as a sin-
gle major peak (>90%) with an RT of 26 min in hexane/2-
propanol (99:1, vol/vol, flow rate 1 mL/min) and a minor
(<10%) component with a longer RT of 30.2 min. The deter-
mination of the absolute stereochemistry of 10-HDHA was
performed by its oxidative ozonolysis of its MC-derivative as
described earlier for 9- and 13-hydroxyoctadecadienoic acids
(17). The enzymatically formed 10-HDHA gave a single
product peak, which coeluted with the MC derivative of di-
methyl (S)-malate. Therefore, the configuration of the hy-
droxyl at the carbon atom number 10 is (S), and the major
monooxygenated product of ptLOX oxidation of DHA is
10(S)-HPDHA.

10,20-DiHDHA was eluted as a single peak on a Chiralcel
OB-H column in solvent mixtures of hexane/2-propanol
(90:10, vol/vol; flow rate 1 mL/min; RT 31.5 min: and 80:20,
vol/vol; flow rate 1 mL/min; RT 13.5 min). No traces of other
compounds were detected, suggesting that 10,20-diHDHA
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FIG. 3. ptLOX-catalyzed conversion of 100 µM 17-hydroxy DHA (17-
HDHA) into a conjugated triene. Experimental conditions: as described
in the Experimental Procedures section for DHA. The reaction was initi-
ated by adding 20 µL of ptLOX stock solution. Spectra a to d were
recorded at 2-min intervals. For other abbreviation see Figure 1.

FIG. 4. Kinetic curves of ptLOX-catalyzed conversion of 17-HDHA
recorded at 238 and 272 nm. Experimental conditions: See the Experi-
mental Procedures section and Figure 2. The reaction was initiated by
adding 10 µL of ptLOX stock solution. Inset: The dependency of the re-
action rate of 17(S)-HDHA transformation by ptLOX on the reaction
time. The data were taken from the main portion of this figure, numeri-
cally differentiated, and plotted as reaction rate vs. time. For abbrevia-
tions see Figures 1 and 3.

FIG. 5. Straight-phase HPLC (SP-HPLC) analysis of the DHA lipoxygena-
tion products. Inset: a UV spectrum of compound II taken during the
HPLC analysis.



was present as a single stereoisomer. The absolute stereo-
chemistry of the hydroxyl group at C20 remains to be deter-
mined.

In the reaction of ptLOX with 17(S)-HPDHA, there were
three major product peaks detected after reduction of the prod-
uct mixture with NaBH4 (compounds III, IV, and V; Figs. 8A
and 8B). Compound III was positively identified as 17(S)-
HDHA. The UV spectrum of the less polar compound IV (Fig.
8C) was virtually identical to that of 10,20-diHDHA (Fig. 5),
whereas compound V (Figs. 8B and 8D) was identified as a
conjugated triene with λmax 260, 270, and 280 nm. GC–MS
analysis of the hydrogenated TMS derivative of compound IV
revealed characteristic fragments with m/z ratios of 73, 173,
289, 402, 427, 517, and 573, which were indicative of a triTMS
derivative of fully hydrogenated 7,17-diHDHA. The corre-
sponding derivative of compound V produced fragments 73,
173, 331, 359, 427, 517, and 573 (M.W. 589.1, exact mass
588.4), suggesting that it was 10,17-diHDHA.

10,17-DiHDHA was also found as a major metabolite in the
lipid product mixture obtained by incubating 17-HDHA and
ptLOX followed by reduction of the reaction products with
NaBH4 (compound V, Fig. 9). Interestingly, with 17-HDHA as
substrate, production of 7,17-diHDHA (compound IV) was
considerably reduced (but still present) compared with the ex-
periments with 17-HPDHA (compare Figs. 9A and 8A). The
molecular structures of the DHA metabolites are presented in
Scheme 2.
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FIG. 6. GC–MS analysis of compound I after hydrogenation with H2/PtO2 and trimethylsilyla-
tion. (A) Total ion chromatograph (TIC); (B) electron impact MS (EI MS) fragmentation pattern;
(C) single ion monitoring chromatogram: ions with m/z ratios of 271, 331, and 485 were mon-
itored.

FIG. 7. GC–MS analysis of compound II after hydrogenation with
H2/PtO2 and trimethylsilylation. (A) TIC of compound II and (B) its EI
MS fragmentation pattern. For abbreviations see Figure 6. 



DISCUSSION

Under aerobic conditions in a mixed micellar solution composed
of a nonionic detergent C12E10, SDS, and DHA, ptLOX oxidized
DHA at a rate of ~8% of that with LA as substrate, which makes
DHA a relatively poor substrate for ptLOX. Nevertheless, the
enzymatic activity was high enough to generate sufficient
amounts of the reaction products. Noticeable was the fast en-
zyme inactivation/inhibition during the reaction with the rate
constant of inactivation of 1 to 2 min−1, the reasons for which
are yet not known. Interestingly, transformation of 17(S)-
HPDHA into 10,17-diH(P)DHA proceeded quickly but also
caused rapid loss of the enzymatic activity, whereas in the reac-
tion with 17(S)-HDHA, ptLOX was much more stable, although
the reaction was slower and was accompanied by a noticeable
lag period. There is no doubt that the differences in kinetics were
caused by the presence of the hydroperoxy group in 17(S)-
HPDHA that may serve as a ptLOX activator that readily con-
verts the “resting” ferrous form of ptLOX into a catalytically ac-
tive ferric form (19), thus minimizing the catalytic lag and, in
certain cases, enhancing the apparent activity of LOX (20). On
the contrary, 17(S)-HDHA, being unable to convert Fe2+ to Fe3+,
was expectedly a poorer substrate in terms of the reaction rate. 

Oxygenation of DHA catalyzed by ptLOX generated two
novel oxylipins—10(S)-H(P)DHA and a doubly oxygenated
product 10,20-diH(P)DHA. Oxygenation of DHA at C10 was
shown to proceed stereospecifically to yield the 10(S)-hydroper-
oxide of DHA. The absolute stereochemistry of 10,20-
diH(P)DHA remains to be determined, but based on the stereo-
specificity of DHA oxygenation, it is reasonable to assume that
in 10,20-diH(P)DHA the hydro(pero)xy group at C10 position
has the (S)-configuration too. Since no 20-H(P)DHA was identi-
fied among the products [although ptLOX produced several
minor metabolites with elution times close to the one for 10-
H(P)DHA], oxygenation of DHA at C10 seems to be the first
step in making 10,20-diH(P)DHA, followed by the secondary
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FIG. 8. SP-HPLC analysis of 17(S)-HPDHA lipoxygenation products.
Analytical wavelengths: (A) 236 nm; (B) 270 nm. Panels C and D: UV
spectra of compounds IV and V. For abbreviations see Figures 2 and 5.

FIG. 9. SP-HPLC analysis of 17(S)-HDHA lipoxygenation products. An-
alytical wavelengths: (A) 236 nm; (B) 270 nm. Inset: UV spectrum of
compound V. For abbreviations see Figures 3 and 5.
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reaction at C20. The latter would necessitate abstraction of a hy-
drogen atom from the methylene C18.

In the ptLOX-catalyzed reaction, which involves formation
of a carbon-centered free radical, hydrogen abstraction at C12
is followed by isomerization of the radical to C10 and its reac-
tion with molecular oxygen at this position (Scheme 3):

When conversion of 17(S)-H(P)DHA into 10,17(S)-diHDHA
was described previously, it was proposed that 17-HPDHA is
converted into 10,17-diHDHA with trans,trans,cis-geometry
of the conjugated double bonds by an LOX-like activity via an
epoxidation/isomerization reaction (13). Our observation that
10,17-HDHA can also be formed from 17-HDHA by ptLOX
points toward a different reaction mechanism (i.e., double
lipoxygenation), with likely trans,cis,trans-geometry of the
conjugated double bonds. An interesting result was the UV
spectra of 7,17- and 10,20-diHDHA recorded during HPLC ex-
periments (Figs. 5 and 8C). The splitting of the λmax was most
likely caused by the presence of the following fragment pre-
sent in both compounds (Scheme 4):

In nonpolar solvents such as the HPLC mixtures used in
this study, interaction of the two polar hydroxy groups by an
intramolecular hydrogen bond could be facilitated by solvo-
phobic effects of hexane. Indicatively, the very same sample
of 10,20-diHDHA, after being dissolved in a much more
polar solvent (ethanol), showed a reversed UV spectrum with
a primary absorption maximum at 243 nm and a suppressed
maximum (or shoulder) at 224 nm. This solvatochromic ef-
fect is probably due to the ability of the alcohol to form hy-
drogen bonds with the hydroxyl groups of 10,20-diHDHA
thus partly disrupting the intramolecular hydrogen bond pos-
tulated in Scheme 4. Though theoretically possible, an inter-
action of two or more molecules of 7,17- or 10,20-diHDA
through formation of intermolecular hydrogen bonds seems
unlikely because the effect would be concentration-depen-
dent, which was not the case. A direct involvement of the car-
boxyl group of the dihydroxylated compounds is also implau-
sible because (i) the methyl ester derivatives showed the same
spectral properties as the free acids, and (ii) the distances be-
tween the carboxyl group and the hydroxyls of 7,17- and
10,20-diHDHA differ from compound to compound without
affecting their spectra. Thus, the UV maximum with λmax of
224 nm is, probably, characteristic of the structure presented
in Scheme 4, whereas the second maximum of 243 nm is re-
lated to the same compound with disrupted intramolecular hy-
drogen bond. Both forms seem to coexist in equilibrium,
which depends on the ability of the solvent to form hydrogen
bonds with the hydroxyl groups of 7,17- and 10,20-diHDHA.
It is noteworthy that a similarly split spectrum (with a sec-
ondary maximum at 226 nm and a primary maximum at 243
nm) was previously described for an arachidonic acid
metabolite formed by double lipoxygenation (5,15-dihydrox-
yeicosatetraenoic acid) (21–26), although no explanation for
it was provided.

In summary, ptLOX has been shown to catalyze formation
of at least four major oxygenated derivatives of DHA. Two of
these—7,17- and 10,17-diH(P)DHA—were formed from the
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soybean 15-LOX product 17(S)-H(P)DHA, whereas two novel
compounds—10(S)-HPDHA and 10,20-diH(P)DHA—were
direct ptLOX products of DHA oxidation (see Schemes 2 and
5). PUFA of the n-3 class have effects in normal physiology
and disease (27,28). Some of these effects may be due to
metabolites formed by LOX-catalyzed reactions, such as the
docosanoids formed from DHA (29). As described here, DHA
metabolites can be generated in substantial amounts using plant
LOX for use in further studies of (patho)physiological effects
of these oxygenated FA in human cells and tissues.
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ABSTRACT: Oxidation of LDL contributes to endothelial dys-
function and atherosclerosis. This process could be associated
with hyperhomocysteinemia, a condition that can be reduced
after folic acid treatment. Because a reduction in LDL oxidation
may improve endothelial function, we studied the effect of some
vitamins (folic acid, 5-methyltetrahydrofolic acid, and vitamin B-
12) on LDL oxidation, either in the presence or absence of homo-
cysteine. For this purpose, two in vitro systems were used: an en-
dothelial cell-catalyzed LDL oxidation system and a cell-free cop-
per-initiated LDL oxidation system. The kinetics of copper-
catalyzed LDL oxidation was determined by continuous monitor-
ing of the production of conjugated dienes in the reaction
medium. TBARS production, a parameter of lipid peroxidation,
was also evaluated. In both in vitro systems, only 5-methyl-
tetrahydrofolic acid was able to decrease TBARS production in a
concentration-dependent manner, independently of the presence
or absence of homocysteine. In the copper-induced LDL oxida-
tion system, vitamin B-12 and 5-methyltetrahydrofolic acid in-
creased the lag time of conjugated diene production by 25 and
47%, respectively, suggesting that both vitamins in this system
had antioxidant properties. Folic acid was unable to show antiox-
idant properties when included in either in vitro system. The re-
sults demonstrate that 5-methyltetrahydrofolic acid and vitamin
B-12 are important protective agents against LDL oxidative modi-
fications.

Paper no. L9644 in Lipids 40, 259–264 (March 2005).

LDL are susceptible to oxidation by the vascular wall cells,
which contributes to the initiation of endothelial dysfunction
(1,2). This condition is a key process in atherosclerosis and has
been reported in chronic mild fasting hyperhomocysteinemia
(3). The mechanism associated with homocysteine (Hcy)-in-
duced endothelial dysfunction is probably mediated by oxida-
tive stress, leading to increased levels of oxidized LDL (3,4).
Hcy, a thiol-containing amino acid derived from the demethyl-
ation of dietary methionine, may generate partially reduced re-
active oxygen species that are able to stimulate the lipid perox-
idation involved in the atherosclerotic process (5). In this
process, oxidatively modified LDL may play an important role
in endocytosis via the macrophage scavenger receptor (2).

The plasma Hcy level in humans is determined by genetic
and nutritional factors and is inversely related to the levels of
some vitamins such as B-6, B-12, and folic acid (6). These vi-
tamins are necessary for the metabolic remethylation and trans-
sulfuration pathways during Hcy synthesis (3). 

Bellamy et al. (7) demonstrated that folic acid supplementa-
tion reduces plasma levels of Hcy and improves endothelium-
dependent vasodilation. On the other hand, recent findings re-
ported by our group showed that hyperhomocysteinemia was
not associated with vascular reactivity and oxidative stress in
subjects with normal serum folate concentrations (8). The ad-
ministration of 5-methyltetrahydrofolate (5-MTHF), the active
form of folic acid, improved endothelial function in hypercho-
lesterolemic subjects not presenting vascular disease (9). Fur-
thermore, oral folic acid prolonged the lag time of LDL oxida-
tion in children with chronic renal failure (10). In cultured
human endothelial cells, 5-MTHF has intrinsic antioxidant ac-
tions caused by reducing intracellular production of superox-
ides (11). In addition, folate has been shown to reduce the sus-
ceptibility of LDL to oxidation in vitro (12). 

Considering that conditions decreasing LDL oxidation
could be related to an improvement of endothelial function, the
main aim of the present work was to evaluate whether vitamins
(folates or vitamin B-12), either in the absence or presence of
Hcy, are able to modify LDL oxidation. For this purpose, two
in vitro systems were used: a cell-free copper-catalyzed system
and a human umbilical vein endothelial cell (HUVEC)-medi-
ated oxidative modification of LDL. 

MATERIALS AND METHODS

Chemicals. DL-Hcy (95% purity; 2 amino-4-mercaptobutyric
acid), folic acid (pteroyl-L-glutamic acid), 5-methyltetrahydro-
folic acid (5-methyl-5,6,7,8-tetrahydropteroyl-L-glutamic acid
disodium salt), and vitamin B-12 (cyanocobalamin) were from
Sigma (St. Louis, MO).

Isolation of LDL. LDL from healthy volunteers were iso-
lated from freshly prepared EDTA-plasma by sequential ultra-
centrifugation in the density range of 1.019–1.063 g/mL (13)
and subsequent dialysis against PBS, pH 7.4, for 24 h; the LDL
was used immediately after the dialysis procedure. To deter-
mine LDL protein concentration, the BioRad Protein Assay
(Bio-Rad Laboratories, Hercules, CA) was used.

HUVEC cultures. HUVEC were isolated from recently
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delivered umbilical cords after treatment with collagenase.
Cells were grown in M-199 supplemented with 20% FBS
(Gibco, Invitrogen Corp., Carlsbad, CA) and 15 µg/mL of en-
dothelial cell growth supplement until confluence. Dishes were
trypsinized and cultured until passage 6 to 8 (14).

Kinetics of copper-catalyzed LDL oxidation. Recently dia-
lyzed LDL (50 µg) was incubated at 37°C in PBS, pH 7.4, con-
taining 5 µmol/L CuSO4 in the absence (control) or presence
of folic acid (10 µmol/L), vitamin B-12 (10 µmol/L), or 5-
MTHF (10 µmol/L). The kinetics of Cu2+-catalyzed LDL oxi-
dation was followed by determining the changes in absorbance
at 234 nm every 10 min for 230 min in a Shimadzu UV-160A
spectrophotometer. Appropriate reagent blanks were used. Lag
times (min) of conjugated diene formation (nmol/mL) were de-
termined (15). The slopes from the curves obtained in the ki-
netic studies represent the oxidation rates of conjugated diene
production. 

Kinetics of TBARS production. LDL (100 µg/mL) were in-
cubated at 37°C for 30, 60, and 120 min with 5 µmol/L CuSO4
in PBS (1 mL final volume) in the presence of Hcy (15 or 100
µmol/L) and different 5-MTHF concentrations. At the indi-
cated times, cold TCA was added to the tubes (5% final con-
centration). After centrifugation, the solution was assayed for
lipid peroxides by measuring TBARS in the presence of 0.67%
thiobarbituric acid and 40 µmol/L BHT. After boiling for 20
min, absorbance was measured at 530 nm. Results were ex-
pressed as TBARS production (nmol/mg LDL) using the ap-
propriate standard solution of 1,1,1,1,-tetraethoxypropane (a
malondialdehyde analog) and a molar extinction coefficient of
1.56 × 105 M–1cm–1 (16).

HUVEC-mediated LDL oxidation. Human endothelial cells
(3 × 105) were treated with Hcy (15 or 100 µmol/L) and 100
µg/mL LDL in the absence or presence of folic acid (100
µmol/L), vitamin B-12 (100 µmol/L), or 5-MTHF (100
µmol/L) in M-199 medium without phenol red. After 24 h, the
medium was collected and assayed for lipid peroxidation by
measuring TBARS as described in the preceding section.

Statistical methods. Data were analyzed using the Sigma
Stat program (version 2002; Systat Software Inc., Richmond,
CA). Results were expressed as the mean ± SD. Statistical dif-
ferences involving multiple treatments were determined by
Friedman ANOVA and the Kruskal–Wallis nonparametric
tests. When treatment differences were revealed by those tests,
the differences between individual treatments were determined
with Dunn’s post hoc test. The observed slopes and lag time
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TABLE 1
Effect of Vitamin B-12, Folic Acid, and 5-Methyltetrahydrofolate
(5-MTHF) on the Lag Time and Oxidation Rate of Conjugated
Diene Production During Copper-Induced LDL Oxidationa

Lag time Oxidation rate
Treatment (% of control) (% of control)

Control (Cu2+) 100 100
Vitamin B-12 (10 µmol/L) 125.5 ± 15.3* 66.2 ± 14.2*
Folic acid (10 µmol/L) 108.2 ± 10.2 95.0 ± 9.3
5-MTHF (10 µmol/L) 147.0 ± 19.6* 105.3 ± 7.6
aAn asterisk (*) indicates P < 0.01.

FIG. 1. Formation of conjugated dienes during copper-initiated oxidation of LDL: effect of folic
acid, vitamin B-12, and 5-methyltetrahydrofolate (5-MTHF). LDL (50 µg/mL) was incubated at
37°C in PBS containing 5 µmol/L CuSO4 and folic acid (10 µmol/L), vitamin B-12 (10 µmol/L),
or 5-MTHF (10 µmol/L). Changes in absorbance at 234 nm were measured every 10 min for
230 min as described in the Materials and Methods section. Values are means of duplicates
from one of three representative experiments. 



values, expressed as percentages of control, were compared
with results of the nonparametric chi-square test (Table 1). Sig-
nificances are reported at P ≤ 0.05.

RESULTS

Copper-catalyzed LDL oxidation. The kinetics of Cu2+-cat-
alyzed oxidation of LDL was followed spectrophotometrically
at 234 nm to determine the lag time for conjugated diene for-
mation. Furthermore, LDL oxidation rates were calculated, as
assessed by the slope of diene formation (Fig. 1). As expected,
when copper was used to initiate oxidation, increasing incuba-
tion times produced sequential elevations of the O.D. of the
reaction mixtures. Figure 1 shows that only vitamin B-12 and
5-MTHF delayed conjugated diene formation, by 25 and 47%,
respectively, indicating that both compounds had antioxidant
properties. Folic acid did not show antioxidant properties (Fig.
1, Table 1). Interestingly, vitamin B-12, in addition to signifi-
cantly increasing the lag time, also greatly reduced the oxida-
tion rate (Table 1). In the cell-free system, the kinetics of
TBARS production was followed for 2 h at 30 min intervals;
as usual, Cu2+ was used to catalyze LDL oxidation (Table 2).
Production of TBARS was highly reduced when Hcy (15 or
100 µmol/L) was added to the incubation media, an effect sig-
nificant after 60 min of incubation and maintained for at least
120 min. A reduced production of TBARS also was obtained
when 50 or 100 µmol/L of 5-MTHF was added to the LDL ox-
idation system (Table 2). This effect was observed after 60 min
of incubation and was maintained for 120 min. The reduced
TBARS production obtained with the lower concentration of
5-MTHF tested (10 µmol/L) was evident until 60 min of incu-
bation, after which TBARS production reached levels similar
to those observed in the control group at 2 h of incubation
(Table 2).

Cell-catalyzed LDL oxidation. When HUVEC were incu-
bated in the absence of Hcy with control buffer, folic acid, or
vitamin B-12 for 24 h, there were no differences in cell-initi-
ated LDL oxidation, as assessed by TBARS production mea-
surements. TBARS values were in the range of 35–40 nmol/mg
LDL in all the aforementioned experimental conditions (Fig.
2). Conversely, TBARS production was dramatically decreased

to approximately 6 nmol/mg LDL when cells were incubated
with 100 µmol/L 5-MTHF either in the presence or absence of
Hcy. 
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TABLE 2
Effect of Different Doses of Homocysteine (Hcy) and 5-MTHF on TBARS (nmol/mg LDL)
Formed During Copper-Initiated LDL Oxidationa

Incubation time (min)

Treatment 30 60 120

Control 8.5 ± 1.2 22.8 ± 2.5 73.2 ± 5.8
Hcy (15 µmol/L) 8.8 ± 1.3 9.4 ± 1.4* 10.0 ± 0.5*
Hcy (100 µmol/L) 7.2 ± 0.3 8.8 ± 0.8* 9.1 ± 0.7*
5-MTHF (10 µmol/L) 9.8 ± 1.2 12.7 ± 1.0* 75.4 ± 5.6
5-MTHF (50 µmol/L) 6.0 ± 1.3 13.5 ± 1.4* 15.3 ± 0.5*
5-MTHF (100 µmol/L) 8.9 ± 1.1 11.2 ± 1.5* 17.3 ± 1.2*
aAn asterisk (*) indicates P < 0.01. For other abbreviation see Table 1.

FIG. 2. TBARS production during human endothelial cell-catalyzed oxi-
dation of LDL. Effect of folic acid, vitamin B-12, and 5-MTHF in the pres-
ence or absence of homocysteine (Hcy). Human endothelial cells (3 ×
105) were incubated with LDL (100 µg/mL) at 37°C for 24 h in the pres-
ence or absence of 15 or 100 µmol/L of Hcy and folic acid (100 µmol/L),
vitamin B-12 (100 µmol/L), or 5-MTHF (100 µmol/L). TBARS production
in the incubation media was determined as described in the Materials and
Methods section. Data are expressed in nmol/mg LDL and are given as
means ± SD of three separate experiments with different cell cultures (pas-
sage 3 to 6). *P < 0.05. For other abbreviation see Figure 1.
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DISCUSSION

This study demonstrates for the first time a protective effect of
5-MTHF against in vitro HUVEC-catalyzed oxidation of LDL.
We also demonstrate here a vitamin B-12-mediated protection
against LDL oxidation; however, this effect was evident only
in the copper-induced LDL oxidation system and not in the
HUVEC-mediated oxidation of LDL. Furthermore, the vitamin
B-12 antioxidant effect was manifested not only by increased
lag times of conjugated diene production but also by reduced
LDL oxidation rates. These unexpected results are difficult to
explain, but it is quite possible that they are related mainly to
the structural forms of vitamin B-12, which may present differ-
ent oxidation states of the cobalt atom bonded to the mole-
cule (17,18). We suggest here that the cyanocobalamin—a
cob(III)alamin—used in this study, may generate “base-off”
cobalamin species in water solutions (where the dimethylbenz-
imidazol ligand axially coordinated to cobalt is detached by
protonation to the nitrogen imidazol). Base-off configuration
has a tendency to change the cobalt coordination number from
six to five and even to four [Co(III), Co(II), and Co(I), respec-
tively] (19–21). Thus, the cobalt present in cyanocobalamin so-
lutions may have +1 (I), +2 (II), and +3 (III) oxidation states.
All these chemical species may participate in redox reactions
involving Co(III/II) and Co(II/I) couples with different redox
potentials (22). According to these antecedents, cyanocobal-
amin in solution may show a dynamic equilibrium among dif-
ferent chemical species: cob(I)alamin, cob(II)alamin, and
cob(III)alamin. The presence of Cu2+ in the incubations as the
initiator of LDL oxidation could, in our case, affect cob(I)-
/cob(II)-/cob(III)alamin equilibrium to preferentially increase
the cob(III)alamin oxidized form. These sequential redox reac-
tions should also transform Cu2+ to Cu1+ to some extent. Since
the low-oxidation-state copper ion is not an inducer of lipoper-
oxidation, the presence of this ion should not result in LDL ox-
idation. Thus, in our in vitro system vitamin B-12 might partic-
ipate in sequential redox reactions that, as a result, reduce Cu2+

to Cu1+, a condition that obviously avoids LDL oxidation.
Therefore, vitamin B-12 is able to protect LDL indirectly
against Cu2+-initiated oxidation as a consequence of its ability
to reduce Cu2+ to Cu1+. This hypothesis could explain the lack
of antioxidant effect of cyanocobalamin in the HUVEC-initi-
ated LDL oxidation system and also the reduced copper-in-
duced oxidation rate of LDL, an effect not elicited by 5-MTHF.
This effect of cyanocobalamin could be of physiological rele-
vance, having a therapeutic potential in several pathologies in-
volving alterations in transition metal homeostasis and redox
activity conducive to the development of neurodegenerative
disorders (18,23). In addition, of main interest could be the
clinical use of the most reduced forms of vitamin B-12
[cob(I)alamin], such as methylcobalamin and adenosylcobal-
amin (17). 

In both in vitro oxidation systems, 5-MTHF was capable of
protecting against LDL oxidation, an effect evidenced by de-
creased TBARS production in the incubation media. These re-
sults agree with previously published data demonstrating that

5-MTHF was able to produce a potent protective effect on the
copper-mediated oxidation of LDL (12). Nevertheless, folic
acid was unable to protect LDL, indicating no antioxidant prop-
erties of this folate form and suggesting that this last compound
was not converted to 5-MTHF in HUVEC. Nevertheless, it is
worth mentioning that most dietary folates are converted to 5-
MTHF (the main circulating form of folates) in the intestinal
cells (24).

Rezk et al. (25) recently reported that folic acid has a poor
antioxidant activity in peroxynitrite scavenging and lipid per-
oxidation inhibition. Conversely, fully reduced folate forms
such as tetrahydrofolate (THF) and 5-MTHF showed the
higher antioxidant activities (25). The antioxidant activity of
folates could mainly reside in the pterin moiety, being optimal
when it is fully reduced. The reduced pterin moiety may have
electron-donating effects that are likely involved in the antioxi-
dant activity of THF and 5-MTHF (25,26). The antioxidant po-
tency of 5-MTHF also may be enhanced by the methyl group
present at the 5-amino group, which is able to increase the elec-
tron-donating effect of the group. This may explain the high
antioxidant activity of 5-MTHF against LDL oxidation found
in the present study. Although we observed an inhibition of
TBARS production with 10 µmol/L 5-MTHF, this concentra-
tion was not high enough to support antioxidant activity during
the whole incubation time (Table 2). In addition, the absence
of a significant difference in the protective effect when 50 or
100 µmol/L of 5-MTHF was added indicates that, under our
experimental conditions, a maximum protective effect could
be reached in a range of concentrations greater than 10 and
equal to or less than 50 µmol/L.

The relevance of these in vitro observations could be un-
clear, because the usual plasma concentration for folates is in
the low nanomolar range (9), and we used relatively high con-
centrations of 5-MTHF in our experiments. However, is impor-
tant to note that red-cell folates rise to the micromolar range
after 5 mg of oral supplementation of folic acid (27).

The 5-MTHF antioxidant effect was independent of Hcy
concentration, thus discarding the involvement of indirect ac-
tions of Hcy on free radical-induced oxidation of LDL. Al-
though in this study intracellular oxidative stress was not eval-
uated, the lowering effects of 5-MTHF on TBARS production,
together with previous results showing reduced levels of super-
oxide ions in 5-MTHF-treated endothelial cells (11), suggest
that the 5-MTHF antioxidant effect could be related to de-
creased levels of intracellular reactive oxygen species (28). 

This study also demonstrates that pathophysiological non-
cytotoxic Hcy concentrations have no effect on TBARS pro-
duction in the endothelial cell system. The lack of oxidative ef-
fect of Hcy is in accordance with our previous clinical findings
in mild hyperhomocysteinemic subjects (8). When copper ions
were used to initiate oxidation, 15 and 100 µmol/L of Hcy re-
duced the generation of lipid peroxides after 60–120 min of in-
cubation. The protective antioxidant effect of Hcy may be ex-
plained by its free radical-scavenging properties due to the
presence of thiol groups, which are more evident at higher Hcy
concentrations and lower incubation periods (29). The similar
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inhibitory effect on TBARS production with 15 or 100 µmol/L
Hcy revealed that a plateau could have been reached even with
the lowest Hcy concentration used, indicating that at those in-
cubation times, lower concentrations of Hcy should have been
sufficient to reduce the copper-induced oxidative effects on
LDL lipids. A previous study reported a mild increase and a
decrease in lipid peroxide and TBARS production when low
(6 and 25 µmol/L) or high (>100 µmol/L) Hcy concentrations,
respectively, were added to a copper-induced LDL oxidation
system (29). Nevertheless, in our cell-free system, 15 µmol/L
of Hcy protected against LDL oxidation; this apparent discrep-
ancy may be explained by the different incubation times used
in both studies. 

A protective effect of Hcy (>25 µmol/L) in a mononuclear
cell system for at least 6 h of incubation was described previ-
ously (1); however, in our HUVEC-initiated LDL oxidation
system, Hcy was unable to protect against LDL oxidation. Dis-
crepancies between those results and ours could be attributable
to the different cells used and to the possible oxidation of Hcy
to homocystine due to the longer incubation time of our exper-
iments (24 h). Although pro-oxidant properties of Hcy were
shown previously, the experimental conditions were com-
pletely different from the ones in this study (30). 

Several in vitro studies have demonstrated that Hcy can alter
the vasoactive properties of cultured endothelial cells by im-
pairing the production or bioavailability of some cellular medi-
ators (31–33). However, those results were obtained with >200
µmol/L Hcy in the culture medium, a concentration that, al-
though not deleterious for endothelial cell survival, may affect
cell function (31). Since the Hcy concentrations added to the
culture media were similar to those commonly found in hyper-
homocysteinemic subjects (≥15 µmol/L) (8), it is suggested
here that, under mild hyperhomocysteinemia, Hcy may be un-
able to alter LDL oxidation and perhaps other cell mediators
within the endothelium.

In summary, the main results presented in this study permit
us to postulate that 5-MTHF protects against oxidative modifi-
cations of LDL in endothelial cells, an effect independent of
Hcy concentration. This 5-MTHF-mediated antioxidant effect
may be related to a decreased oxidative stress status in endothe-
lial cells. The finding showing the antioxidant activity of
cyanocobalamin could have relevant therapeutic potential in
alterations in transition metal homeostasis and redox activity
conducive to several degenerative disorders and may suggest
priority for the clinical use of the most reduced vitamin B-12
forms. 
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ABSTRACT: Ingestion of CLA activates β-oxidation and causes
loss of body fat in rodents. We investigated the effects of dietary
CLA on endurance capacity and energy metabolism during exer-
cise in mice. Five-week-old male BALB/c mice were fed a con-
trol diet containing 1.0% linoleic acid or a diet containing 0.5%
CLA that replaced an equivalent amount of linoleic acid for 1 wk.
The maximum swimming time until fatigue was significantly
higher in the CLA-fed group than in the control group. During
treadmill running, the respiratory exchange ratio was significantly
lower in the CLA-fed group, but oxygen consumption did not dif-
fer significantly between groups, suggesting that FA contributed
more as an energy substrate in the CLA-fed mice. The muscle
lipoprotein lipase activity was significantly higher in the CLA-fed
group than in the control group. These results suggest that CLA
ingestion increases endurance exercise capacity by promoting fat
oxidation during exercise.

Paper no. L9626 in Lipids 40, 265–271 (March 2005).

CLA refers to a group of positional and geometric isomers de-
rived from linoleic acid (LA). CLA is found in foods such as
ruminant meats, pasteurized dairy products, and processed
cheeses (1–3). Dietary CLA has many potential health bene-
fits, such as reducing fat mass and the risk of carcinogenesis
(4–8) and atherosclerosis (9,10).

Ingesting CLA for several weeks can reduce body fat con-
tent. For example, a CLA-supplemented diet (0.5–1.5% CLA)
decreases adipose tissue mass in mice (11–13). The metabolic
rate is higher in mice fed a CLA-supplemented diet than in
mice fed a control diet for six (13) to eight weeks (14); similar
results have been reported in rats (15). We previously demon-
strated that a single oral administration of CLA increases serum
concentrations of catecholamines and FFA, fat oxidation, and
energy expenditure in mice (16). Others have reported that
CLA enhances the β-oxidation of FA acids in various tissues,
assessed by measuring the activity of carnitine palmitoyltrans-
ferase (CPT), the rate-limiting enzyme of the mitochondrial β-
oxidation system (12,17). These results suggest that CLA re-
duces body fat levels by enhancing fat oxidation.

One important effect of endurance exercise training is the
sparing of muscle glycogen stores during exercise through an
increased ability of skeletal muscle to oxidize fat (18,19). This
suggests that enhancing fat oxidation decreases carbohydrate
consumption by the muscle (especially muscle glycogen) and
increases endurance capacity. For example, oral administration
of capsaicin increases the endurance capacity of mice by en-
hancing the secretion of catecholamines and the use of FA as a
substrate (20). We speculated that CLA, which enhances fat ox-
idation, might increase endurance exercise performance. To our
knowledge, no research has reported the effects of CLA on en-
durance exercise performance. The purpose of this study was
to investigate the possible benefits of CLA as a dietary supple-
ment to increase endurance exercise performance.

MATERIALS AND METHODS

Animals and diets. Five-week-old male BALB/c mice (Japan
Shizuoka Laboratory Center, Hamamatsu, Japan) were used.
The mice were housed in standard cages (33 × 23 × 12 cm)
under controlled conditions of temperature (22 ± 0.5°C), RH
(50%), and lighting (lights on 1800–0600 h). They were given
free access to water and a control diet (1.0% LA) or a diet con-
taining 0.5% CLA incorporated into the diet by replacing an
equivalent amount (w/w) of LA. Table 1 shows the composi-
tion of the experimental diets based on the AIN-76 formulation
containing CLA. This composition was described fully in our
previous report (14). Food intake was recorded every 2 d. The
care and treatment of the experimental animals conformed to
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TABLE 1
Composition of Experimental Dietsa

Group

Ingredient (g/kg) Control CLA

Casein 195.8 195.8
L-Methionine 3.0 3.0
Cornstarch 665.3 665.3
Soybean oil 30.0 30.0
CLA 0.0 5.0
LA 10.0 5.0
Cellulose 50.0 50.0
Mineral mix 35.0 35.0
Vitamin mix 10.0 10.0
(±)-α-Tocopherol 0.5 0.5
TBHQ 0.5 0.5
aLA, linoleic acid.



the Kyoto University guidelines for ethical treatment of labora-
tory animals.

Materials. We used unesterified safflower LA in the control
diet and synthesized CLA from unesterified safflower LA, both
of which were synthesized from safflower oil and analyzed by
Rinoru Oil Mills Co., Ltd. (Tokyo, Japan). The composition of
samples was 17.4% palmitic acid, 2.3% stearic acid, 6.5% oleic
acid, and 73.5% LA or CLA. The composition of CLA was an-
alyzed by GC and determined to consist of 34.0% cis-9,trans-
11 and trans-9,cis-11 CLA; 35.1% trans-10,cis-12 CLA; 2.5%
cis-9,trans-11 and cis-10,cis-12 CLA; and 1.9% trans-9,trans-
11 and trans-10,trans-12 CLA.

Maximum swimming time. In the first week, 5-wk-old
BALB/c mice (n = 32) were made to swim for 30 min in a cur-
rent with a flow rate of 5 L/min twice on two consecutive days
to accustom them to swimming. The baseline swimming time
to exhaustion was measured at a flow rate of 7 L/min on three
occasions every 2 d. We calculated the means and SD of the
three maximum swimming times and selected SD values of 10
min or less. We then eliminated the mice with the longest or
the shortest mean maximum swimming times, until the final
SD values approached 20% of the means. Finally, we selected
16 mice from the original 32 according to these criteria and di-
vided them into two groups, a CLA-fed group and a control
group, with equivalent average swimming times. Details of
these methods have been described in a previous report (21).
Mice were fasted for 2 h before the measurement of maximum
swimming time. All mice were provided the control diet dur-
ing the first week. In the second week, all mice, including
nonexercised (sedentary) mice, were provided with the CLA
diet or control diet for 1 wk and swam to exhaustion at a flow
rate of 7 L/min to measure the maximum swimming time.

Organ weights and energy substrates. Mice were killed by
decapitation immediately after swimming to exhaustion, with
nonexercised control mice killed at the same time. Blood was
rapidly collected from the neck. The gastrocnemius and quadri-
ceps muscles; epididymal, perirenal, and inguinal fat; brown
adipose tissue; and liver, heart, spleen, and kidneys were re-
moved and weighed. The gastrocnemius and quadriceps mus-
cles and liver were rapidly frozen in liquid nitrogen and stored
at −80°C for subsequent analysis of tissue glycogen concentra-
tion and muscle lipoprotein lipase (LPL) activity. The muscle
and liver glycogen contents were measured spectrophotometri-
cally using enzymatic techniques as described elsewhere (22).
Serum was obtained by centrifugation (740 × g for 10 min) and
stored at −70°C until analyzed. Serum concentrations of glu-
cose (Glucose-ARII; Wako Pure Chemical Industries, Osaka,
Japan), FFA (NEFA C Test Wako; Wako Pure Chemical Indus-
tries), TG (Triglyceride G Test Wako; Wako Pure Chemical In-
dustries), and ketone bodies (Ketone Test; Sanwa Chemical In-
stitute, Nagoya, Japan) were measured using commercial kits.

Respiratory gas analysis. The mice not used for measuring
the maximal swimming time were made to run for 30 min at
21 m/min twice during the week before the experiment to ac-
custom them to the treadmill. This speed elicited about 60% of
maximal oxygen consumption in our pilot experiment and was

assumed to represent a moderate level of exercise that slightly
exceeded the animals’ lactic acid threshold. We selected 12
mice from the 16 nonswimmers by eliminating those mice with
the highest and lowest body weights. Six days after assigning
all mice to their respective groups, these mice were placed in a
treadmill chamber and made to run for 42 min. The initial run-
ning speed was 6 m/min for 2 min, and the speed was increased
3 m/min every 2 min until reaching 21 m/min, after which it
remained constant for 30 min. Respiratory gas was monitored
throughout the run.

Apparatus. The system used to measure the swimming time
to exhaustion was an adjustable-current swimming apparatus
for mice. The details have been described previously (23).
Briefly, an acrylic plastic pool (90 × 45 × 45 cm) was filled with
water to a depth of 38 cm, the current was generated with a
pump (type C-P60H; Hitachi, Tokyo, Japan), and the water
temperature was maintained precisely at 34°C with an electric
heater. This swimming apparatus has been used previously to
evaluate the effects of food and nutrients such as capsaicin (20),
an overdose of caffeine (23), hydroxycitrate (24), Nanpao®

(25), and medium-chain TG (26).
The gas analyzer used to assess metabolic rate consisted of

CO2 and O2 analyzers (model RL-600; Alco System, Tokyo,
Japan), and a switching system (model ANI6-A-S; Alco Sys-
tem) to sample gas from each metabolic chamber. Mice were
separated into two groups, and each mouse was placed in a
metabolic chamber designed to measure respiratory gas. The
details of the methods have been described in a previous report
(24). Briefly, room air was pumped through the chambers, and
expired air was dried in a thin cotton column and then directed
to an O2/CO2 analyzer. The amounts of oxidized fat and carbo-
hydrate were estimated from the oxygen consumption and res-
piratory exchange ratio (RER) values using the RL-600 soft-
ware. Details of the equations have been described elsewhere
(24). Data for each chamber were collected every 2 min.

The running system was a treadmill (model Simplex II;
Columbus Instruments, Columbus, OH) apparatus for mice.
The system consisted of three running lanes of equal dimen-
sions (28.8 × 4.7 × 4 cm); each lane was encased in a metabolic
chamber with an inside volume of ~1000 cm3. An electric fan
was used to mix the air. The system independently monitored
respiratory gases for one to three mice.

Measurement of muscle LPL activity. The muscle LPL ac-
tivity was measured using a fluorescent method described else-
where (27). Samples (40–60 mg) of skeletal muscle (quadri-
ceps) were ground in liquid nitrogen and incubated in 400 µL
of Krebs–Ringer solution, 10 mM Tris-HCl buffer (pH 8.4)
containing 150 mM NaCl, 2 mM EDTA, 1 g/100 mL of BSA,
and 5 U (100 mg/L) heparin (28), with gentle shaking at 25°C.
After 30 min, the tissue was removed from the medium by cen-
trifugation for 5 min (8,300 × g), and the supernatant was used
to measure LPL activity using a commercial kit that includes a
nonfluorescent substrate emulsion that becomes intensely fluo-
rescent upon interaction with LPL (Roar Biomedical, New
York, NY). The total protein content of each sample was mea-
sured by the Bradford method with Coomassie brilliant blue
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solution. LPL activity was assessed relative to the protein con-
tent of the tissue.

Statistical analysis. Data are expressed as means ± SEM.
Student’s t-test was used to compare the two dietary groups
after dietary intervention. Analyses were performed with the
StatView software package (Macintosh Version J 5.0; Abacus
Concepts, Berkeley, CA); P < 0.05 was accepted as significant.

RESULTS

Food intake did not differ significantly between the two dietary
groups. The accumulated 7-d food intake was 24.8 ± 1.5
g/mouse (3.5 g/mouse per day) in the CLA-fed group and 25.4
± 1.4 g (3.6 g/mouse per day) in the control group. Swimming
endurance did not differ significantly between the control and
CLA-fed groups before the start of dietary intervention (Fig.

1). After 1 wk of the control diet or the diet containing 0.5%
CLA, swimming endurance capacity was significantly higher,
by 25%, in CLA-fed mice than in control mice (Fig. 1). The
maximal swimming time of the control group was similar be-
fore and after dietary intervention.

Oxygen consumption during running did not differ between
the two dietary groups (Fig. 2A). The RER increased through-
out the first 20 min and then decreased in both groups and was
significantly lower in CLA-fed mice than in control mice (Fig.
2B). Fat oxidation, calculated from the RER and oxygen con-
sumption, was consistently higher in the CLA group than in the
control group (Fig. 3A). Carbohydrate oxidation during the 42-
min run was lower in the CLA group than in the control group
(Fig. 3B). 

Sedentary mice were included as an indicator of the nonex-
ercised, resting state. The body weight of sedentary mice did
not change significantly after the week of dietary intervention.
The weights of adipose tissue from various sites, including epi-
didymal fat, perirenal fat, inguinal fat, and brown adipose tis-
sue, were significantly lower in the sedentary CLA-fed mice
than in the sedentary control mice (Table 2). Similar trends
(i.e., lower adipose tissue weights in CLA-fed mice) were ob-
served in mice sacrificed after swimming to fatigue (data not
shown). In sedentary mice, serum glucose concentrations did
not differ significantly between the two dietary groups. The
serum concentrations of FFA and ketone bodies were signifi-
cantly lower, and serum TG concentration tended to be lower
in the sedentary CLA group than in the sedentary control group
(Table 3). Similar trends (i.e., lower concentrations of FFA, ke-
tone bodies, and TG) were observed in CLA-fed mice sacri-
ficed after swimming to fatigue, but these values did not differ
significantly. After swimming to fatigue, the serum glucose
concentrations of the control and CLA-fed groups were higher
than in their respective sedentary groups, and the serum con-
centrations of FFA, ketone bodies, and TG were significantly
higher in the CLA-fed mice than in the CLA-fed sedentary
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FIG. 1. The maximum swimming time to fatigue in BALB/c mice mea-
sured at baseline and after 1 wk. Mice were fed either a diet containing
0.5% CLA or a control diet for 1 wk. Values are means ± SE for eight
mice. Swimming capacity was measured at a flow rate of 7 L/min. *Sig-
nificant difference between groups (P < 0.05, unpaired Student’s t-test).

FIG. 2. Oxygen consumption (A) and respiratory exchange ratio (B) during treadmill running in BALB/c mice fed
the 0.5% CLA-containing diet for 6 d. Values are means ± SE for 5–7 mice that ran in the treadmill chamber for 42
min. The initial running speed was 6 m/min, and speed was increased 3 m/min every 2 min until it reached 21
m/min, after which it remained constant. *Significant difference between groups (P < 0.05, unpaired Student’s t-
test).



group. The concentrations of liver and gastrocnemius muscle
glycogen did not differ between dietary groups in the seden-
tary mice or in the exercised mice (Table 4). 

LPL activity was measured to determine whether CLA feed-
ing increased fat oxidation in skeletal muscle. LPL activity in
skeletal muscle was significantly higher after swimming to fa-
tigue in the CLA group than in the control group (Fig. 4); LPL
activity also tended to be higher in the sedentary CLA-fed mice
than in the sedentary control mice (data not shown).

DISCUSSION

Previous studies (11–13) demonstrated that CLA supplementa-
tion causes weight loss in rodents; we reported previously that
CLA supplementation decreases body weight and adipose tis-
sue weight in a dose-dependent manner (14). These changes
appear to be independent of diet and have been found with
high-fat and high-carbohydrate diets (13). This reduction in
body fat is not related to energy intake (29,30). It has been
speculated that the reduction in fat mass reflects an increase in
energy expenditure and fat oxidation (12). Our previous study
showed that oxygen consumption increased in mice fed a diet
containing 1.0% CLA for 8 wk (14). Several investigators have
reported that CLA enhances CPT activity in some tissues, indi-
cating a greater efficiency of FA oxidation. Greater CPT activ-
ity in skeletal muscle (12,17), brown adipose tissue, and liver
(17) may inhibit TG storage in adipose tissue and decrease fat
accumulation. A previous study showed that a single oral ad-
ministration of CLA increased both fat oxidation and oxygen
consumption in mice (16).

During moderate-intensity exercise, muscle uses circulating
FFA, extramuscular glucose, muscle TG, and muscle glycogen
as substrates (31–33). The amount of glycogen stored in work-
ing muscles is an important determinant of endurance exercise
capacity (34). Increased fat utilization during endurance exer-

cise improves endurance capacity by sparing muscle glycogen
stores (35,36). For example, caffeine elevates the plasma con-
centration of FFA and decreases the rate of glycogen depletion
during exercise, enhancing fat oxidation and decreasing mus-
cle glycogen utilization (37). We found that 1 wk of the CLA
diet significantly increased endurance capacity in mice. To de-
termine whether enhanced fat use caused the increase in en-
durance capacity, we analyzed the respiratory gas of mice run-
ning in the treadmill chamber. Analysis of respiratory gas en-
ables one to evaluate energy metabolism continuously during
exercise. As expected, during running, estimated fat oxidation
was higher and estimated carbohydrate oxidation lower in the
CLA group than in the control group (Fig. 3). These data sug-
gest that the increase in endurance capacity was caused by en-
hanced fat utilization during exercise. We did not examine the
muscle glycogen concentration continuously during exercise
because it was difficult to include enough swimming mice in
this protocol. However, two studies have reported increased en-
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FIG. 3. Fat oxidation (A) and carbohydrate oxidation (B) during treadmill running in BALB/c mice fed the 0.5%
CLA-containing diet for 6 d. Values are means ± SE for 5–7 mice that ran in the treadmill chamber for 42 min. The
initial running speed was 6 m/min, and speed was increased 3 m/min every 2 min until it reached 21 m/min, after
which it remained constant. Fat and carbohydrate oxidation were calculated from the respiratory exchange ratio
and oxygen consumption (24). *Significant difference between groups (P < 0.05, unpaired Student’s t-test).

TABLE 2
Body Weight and Organ Weights in Mice Fed 0.5% CLA-Containing
Diet or the Control Diet for 1 wka

Variable (g) Control CLA

Body weight 22.9 ± 0.5 22.7 ± 0.6
Gastrocnemius 0.244 ± 0.007 0.252 ± 0.006
Quadriceps 0.354 ± 0.006 0.367 ± 0.012
Liver 1.217 ± 0.048 1.318 ± 0.038
Heart 0.119 ± 0.004 0.123 ± 0.004
Spleen 0.098 ± 0.005 0.099 ± 0.005
Kidney 0.383 ± 0.016 0.393 ± 0.009
Perirenal fat 0.170 ± 0.014 0.064 ± 0.003*
Epididymal fat 0.351 ± 0.022 0.175 ± 0.009*
Brown adipose tissue 0.085 ± 0.003 0.061 ± 0.005*
Inguinal fat 0.237 ± 0.018 0.099 ± 0.012*
aValues are means ± SE for 7–9 mice. *Significantly different from control
group (P < 0.05).



durance swimming capacity after feeding capsaicin (20) and
hydroxycitric acid (24), and both proposed that the increased
endurance capacity might be caused by increased fat utiliza-
tion during exercise, which spared muscle glycogen. We be-
lieve that CLA produced a similar effect in our study.

The blood lactic acid threshold correlates with the exercise
intensity that produces excess lactic acid and reflects increas-
ing reliance on carbohydrate utilization, because lactic acid is
produced only by anaerobic glycolysis. The blood pH is con-
stantly adjusted within a relatively narrow range, and carbon
dioxide is liberated from carbonate in the blood, which helps
maintain pH when lactic acid accumulates in the blood during
intense exercise. The liberated carbon dioxide is expired from
the lungs, increasing the RER. RER was lower during exercise
in the CLA group than in the control group, indicating greater
use of FFA and less of carbohydrate as a substrate; we specu-
late that blood lactic acid concentration was also lower during
exercise in the CLA group.

The mechanism responsible for the enhanced fat oxidation
induced by CLA remains unclear. LPL activity was signifi-
cantly higher in the CLA group than in the control group.
Blood TG is hydrolyzed by LPL in the muscle capillaries, re-
leasing FA that are taken up by skeletal muscle. LPL activity in
skeletal muscle increases after exercise training (38). Several
investigators have reported that CLA enhances CPT activity
(12,17). In addition, increased muscle LPL activity may play a
role in enhanced FA oxidation in skeletal muscle. Previous
studies have shown that CLA inhibits LPL activity in a dose-
dependent manner in 3T3-L1 adipocytes (12) and that LPL ac-
tivity in adipose tissue decreases in mice fed CLA for 4 d (39).
It has been suggested that LPL is regulated independently in
various tissues; for example, Ong et al. (40) reported that exer-
cise training increased LPL activity in skeletal muscle but not

in adipose tissue and heart. Our results, showing an increase in
LPL activity in skeletal muscle in the CLA group, are consis-
tent with those obtained in adipose tissue. It is possible that
CLA inhibits lipogenesis in adipose tissue and promotes fat ox-
idation in skeletal muscle.

In this study, the serum concentration of ketone bodies was
lower in the sedentary CLA group than in the sedentary control
group (Table 3). Ketone bodies are produced in the liver from
FA and oxidized in extrahepatic tissue; enhanced oxidation of
ketone bodies in the extrahepatic tissue in the CLA group
might be responsible for the CLA-mediated reduction of the
serum concentration of ketone bodies. Similarly, the serum
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TABLE 3
Serum Concentrations of Substrates in Mice Fed 0.5% CLA-Containing Diet or the Control Diet for 1 wka

Sedentary Swimming to Fatigue

Control CLA Control CLA

Glucose (mg/dL) 153.4 ± 4.2 172.3 ± 2.8 199.5 ± 2.8† 222.4 ± 2.8†

FFA (mEq/L) 1.23 ± 0.05 0.78 ± 0.03* 1.22 ± 0.02 1.08 ± 0.02†

Ketone body (mg/dL) 369.3 ± 30.4 135.5 ± 19.89* 381.4 ± 12.4 288.5 ± 10.2†

TG (mg/dL) 160.6 ± 6.4 131.5 ± 3.5 195.4 ± 6.6 186.3 ± 4.2†

aValues are means ± SE for 7–8 mice. *Significantly different from each control group (P < 0.05). †Significantly different be-
tween sedentary and swimming to fatigue in the same group (P < 0.05).

TABLE 4
Gastrocnemius Muscle and Liver Glycogen Concentrations in Mice Fed 0.5% CLA-Containing Diet
or the Control Diet for 1 wka

Sedentary Swimming to fatigue

Tissue concentration (mg/g) Control CLA Control CLA

Gastrocnemius 3.348 ± 0.381 3.063 ± 0.260 2.392 ± 0.165 2.687 ± 0.376
Liver 53.56 ± 2.49 52.48 ± 3.85 41.71 ± 3.10 42.63 ± 2.17
aValues are means ± SE for 7–9 mice.

FIG. 4. Muscle lipoprotein lipase (LPL) activity after swimming to fa-
tigue in BALB/c mice fed the 0.5% CLA-containing diet for 1 wk. Val-
ues are means ± SE for 6–7 mice. *Significant difference between groups
(P < 0.05, unpaired Student’s t-test).



concentration of FFA was lower in the sedentary CLA group
than in the sedentary control group. Our data are consistent
with those from a previous report, which speculated that the
lower serum concentration of FFA might have been caused by
decreased adipose tissue mass in the CLA group (15).

Several isomers of CLA act as high-affinity ligands and ac-
tivators of peroxisome proliferator-activated receptor (PPAR)α
(41). CLA may stimulate fat oxidation by inducing PPARα,
which plays an important role in fat metabolism. PPARα regu-
lates acyl-CoA oxidase, cytochrome P4504A1, and liver FA-
binding protein (42), which may activate the oxidation of body
fat. However, dietary CLA reduces adipose tissue weight and
induces some PPAR-responsive genes in liver to a similar ex-
tent in PPARα-null mice fed a diet containing CLA and in
wild-type mice (43). It is possible that CLA modulates fat me-
tabolism via mechanisms involving other isoforms of PPAR.
For example, it has been reported that CLA increases PPARγ
mRNA in adipose tissue (44).

There appears to be an isomer-specific effect of CLA. The
trans-10,cis-12 CLA isomer is much more effective at lower-
ing adipose tissue mass than the cis-9,trans-11 CLA isomer in
mice (45) and rats (15), and trans-10,cis-12 CLA appears to be
the effective isomer for modulating gene expression in cultured
3T3-L1 preadipocytes (46). To ensure consistency between
studies, we used the same mixture of CLA in this study as in
our previous experiments (14,16). It is possible that our results
are due to the trans-10,cis-12 CLA contained in the mixture.

In humans, the effects of CLA on weight loss are inconclu-
sive at present (47–50), most likely because the dosages of
CLA relative to body weight were lower in human than in ani-
mal studies. Our dosage was 0.9 g/kg, and the dosage used in
other studies on mice was about 1.0 g/kg, whereas the highest
reported dosage in humans was 6.8 g/d (0.075 g/kg body
weight) (47). Thus, CLA might not reach the effective dosage
in humans. However, two studies have shown that these doses
were adequate to increase insulin resistance, lipid peroxidation,
and inflammation in humans (51,52). In human studies, sup-
plementation with high doses should be conducted carefully
until further information becomes available on the effects and
adverse side effects of CLA. It is also possible that the effec-
tiveness differs between isomers according to species because
the mechanism underlying the action of CLA is not clearly
known. Furthermore, Ohnuki et al. (16) suggested that CLA
enhances sympathetic nervous activity and energy metabolism.
The marked effects of CLA in rodent models could arise via
activation of brown adipose tissue by enhanced sympathetic
nervous activity, an effect that would not occur in older hu-
mans. At present, we cannot rule out brown adipose tissue as a
cause of weight loss in CLA-fed rodents.

In summary, feeding mice a diet containing 0.5% CLA for
6 to 7 d increased endurance exercise capacity and fat oxida-
tion and reduced RER and carbohydrate utilization during ex-
ercise. Muscle LPL activity increased in CLA-fed mice, sug-
gesting that LPL plays a role in enhancing FA oxidation. These
results suggest that the increase in endurance capacity induced
by CLA feeding in mice might be explained by the promotion
of fat oxidation during exercise.
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ABSTRACT: Chylomicrons transport absorbed fat from the intes-
tine to the circulation. During dietary fat absorption, the chylomi-
crons become larger in diameter, and in some studies an increase
in chylomicron number has been observed as well. In the present
study, we compared particle size and number in rat lymph fol-
lowing administration of four different oils. We administered fish
oil, medium-chain TAG (MCT), and two structured oils differing
in intramolecular structure, with either medium-chain FA in the
outer positions of the TAG and long-chain n-3 PUFA in the sn-2
position (MLM oil) or with the reverse structure (LML oil), to
lymph-cannulated rats and collected lymph in fractions for the
following 8 h. Chylomicron size was measured by a particle size
analyzer immediately after collection, and from these data the
number of chylomicrons present was estimated. The number of
particles in lymph increased during the absorption of oils con-
taining long-chain PUFA (MLM, LML, and fish oil), whereas it was
not affected by administration of MCT. The FA from MCT were
probably absorbed via the portal vein; therefore, only a small
number of particles were measured in lymph. When comparing
the two structured oils, we observed a tendency toward a higher
number of particles after LML administration, although the differ-
ence was not statistically significant. The highest number of parti-
cles after administration of all oils was observed in the size inter-
vals 53–80 and 80–121 nm and probably represented small chy-
lomicrons. Thus, the FA composition influenced the number of
particles in lymph during absorption, whereas TAG structure had
only a minor influence.

Paper no. L9665 in Lipids 40, 273–279 (March 2005).

Chylomicrons are the transport vehicles for intestinally ab-
sorbed fat, and the FA composition of the chylomicrons reflects
the FA composition of dietary fat. During absorption, chylomi-
crons are formed in the enterocytes, are released to the lym-
phatics, and then enter the circulation. Chylomicron formation
can be regulated through changes in the size and number of par-
ticles secreted to the lymph. Some studies suggest that chy-
lomicron size depends mainly on the amount of fat absorbed
and transported to the lymphatics, and that during fat absorp-
tion the particles increase in diameter (1–3). Hayashi et al. (2)
observed that infusion of triolein in rats increased the size but

not the number of chylomicrons produced by the small intes-
tine. The size of the chylomicrons formed during absorption
may be influenced by the degree of saturation of the dietary
fats, since studies have shown that absorption of unsaturated
fats produces larger chylomicrons compared with absorption
of saturated fats (1,4,5). Some studies have suggested an influ-
ence on chylomicron number during absorption of dietary fat
as well. Kalogeris and Story (4) suggested that feeding differ-
ent fat sources influences the number of chylomicrons pro-
duced, since they observed a greater phospholipid output in rat
lymph during infusion of butter oil compared with infusion of
corn oil. Degrace et al. (6) observed that chylomicrons were
large after administration of a bolus of corn oil to lymph-can-
nulated rats and were small and more numerous after cod liver
oil administration. This means that diverse results have been
obtained regarding the size and number of chylomicrons pro-
duced during absorption.

Differences in the FA composition and structure as well as
differences in the size of chylomicrons in response to dietary
lipids affect the clearance of these TAG-rich lipoproteins in
plasma (1,7–9), and this may further influence the extent of the
postprandial lipemia. Zilversmith (10) suggested that raised
levels of chylomicrons and chylomicron remnants, which cir-
culate following a meal, play a role in the development of ath-
erosclerosis. Furthermore, Levy et al. (1) suggested that large
chylomicrons are removed faster than smaller ones. This fast
removal could be the reason for the low plasma TAG level ob-
served after feeding diets rich in unsaturated fats, since unsatu-
rated FA give rise to large chylomicrons. Contrary to this re-
sult, Martins et al. (8) found that when a similar number of par-
ticles were injected into rats, the small particles were removed
faster than the large particles. These differences may be the re-
sult of differences in experimental design.

The effect on chylomicron composition, size, and number
of differences in intramolecular structure of dietary TAG has
been investigated in several studies. Aoe et al. (11) showed that
the positional distribution of FA influenced the size and com-
position of chylomicrons in rats but not the number of chylomi-
crons during absorption. In contrast to this study, Carvajal et
al. (12) observed no effect of different dietary TAG structures
on chylomicron size. Previously performed studies on lym-
phatic absorption of structured lipids showed that the TAG
structure influenced the absorption of dietary lipids (13–15)
and thereby may influence the clearance of chylomicrons from
circulation. 
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The aim of the present study was to compare the size and
number of lymph particles produced during absorption of a
bolus of structured TAG containing decanoic acid (10:0) and
n-3 PUFA of marine origin. Animal and human feeding studies
have revealed that the intake of diets rich in n-3 PUFA has im-
portant effects on postprandial lipemia and lipoprotein metabo-
lism, as reviewed by Harris (16). Two structured TAG were
produced by enzymatic interesterification, giving rise to TAG
with different intramolecular structures, and the impact of these
structures on lymph particle size and number was compared
with the impact of fish oil and a medium-chain TAG (MCT).
The absorption of oils was followed for 8 h with frequent col-
lection of lymph fractions. In most studies involving chylomi-
cron size determinations, the usual approach has been to exam-
ine the lymph particles by electron microscopy followed by
measurements of particle diameter (1,5,6,11,12). In the present
study, we analyzed the lymph fractions immediately after col-
lection using a particle sizer (Mastersizer 2000; Malvern In-
struments, Malvern, Worcestershire, United Kingdom). The
laser diffraction technique is rapid and can measure many par-
ticles, thereby reducing the time for analysis by severalfold in
comparison with electron microscopy. The particle sizer deter-
mined the drop size distribution based on the scattering pattern
produced by particles moving through the path of a laser beam.
From the particle size and lymph volume, the number of parti-
cles in each fraction was calculated. We are not aware of this
technique being used to determine the size of lymph particles,
and this could be an area to pursue further. However, Leuschner
et al. (17) reported good agreement between a laser light-scat-
tering method using a Malvern Mastersizer and a scanning
transmission electron microscopy method used to measure par-
ticle size distributions of Bacillus spore suspensions with a me-
dian size of 900 nm.

MATERIALS AND METHODS

Experimental oils. Fish oil was purchased from Aarhus
United A/S (Aarhus, Denmark), and MCT was from Grünau
GmbH Illertissen (Illertissen, Germany). Two specific struc-
tured oils were produced by enzymatic interesterification.
MLM (where M = medium-chain FA and L = long-chain FA)
was made by a specific reaction between enriched fish oil
(Epax 4510 TG; Pronova Biocare a.s., Lysaker, Norway) and
10:0 (Henkel Kimianika Sdn. Bhd., Selangor, Malaysia) cat-
alyzed by Lipozyme RM IM (Novozymes, Bagsværd, Den-
mark), resulting in regiospecific TAG with n-3 PUFA mainly
in the sn-2 position. LML was produced by a specific reac-
tion between tri-10:0 (Grünau GmbH Illertissen) and ethyl es-
ters produced from marine oils (Epax 6000 EE containing
~60% n-3 FA; Pronova Biocare) catalyzed by Lipozyme RM
IM, resulting in regiospecific TAG with n-3 PUFA mainly in
the sn-1,3 positions. The interesterifications were performed
in a packed-bed reactor, and the products were purified by
short-path distillation (18,19). The FA composition of TAG
and the structure of TAG represented by the FA composition
in sn-2 MAG (Table 1) were measured as described previ-
ously (20).

Housing of animals. Male Specific Pathogen-Free Wistar
rats (Taconic M&B, Ll. Skensved, Denmark) were housed two
per plastic cage in a temperature- (21°C) and humidity- (50%)
controlled environment on a 12 h/12 h light/dark cycle with a
standard nonpurified diet (Altromin No. 1324; Chr. Petersen
A/S, Ringsted, Denmark) and with water freely available. They
were acclimatized to the housing conditions for 10 d before
surgery and weighed 250–310 g at the time of surgery. The ex-
periment was approved by the Danish Committee for Animal
Experiments.
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TABLE 1
FA Composition in TAG and in sn-2 MAG of Oils (mol%)a

MLM LML MCT Fish oil

FA TAG sn-2 TAG sn-2 TAG sn-2 TAG sn-2

8:0 0.7 0.3 2.0 2.0 62.2 59.7 — —
10:0 41.5 11.2 38.2 60.5 36.2 39.2 — —
14:0 0.3 0.7 0.3 0.3 — — 8.5 12.6
16:0 2.4 6.3 1.2 1.3 — — 18.0 22.3
16:1 1.0 2.6 0.5 0.6 — — 6.9 7.4
18:0 2.3 6.6 2.9 3.1 — — 2.1 0.5
18:1n-9 4.1 9.7 5.7 5.9 — — 12.6 7.4
18:1n-7 2.3 5.1 2.0 1.9 — — 2.2 0.8
18:2n-6 0.5 1.1 0.6 0.6 — — 2.9 3.0
18:3n-3 0.4 0.9 0.7 0.6 — — 3.3 3.1
18:4n-3 2.5 3.5 0.7 0.2 — — 4.3 4.3
20:1 1.9 3.8 1.8 2.0 — — 7.1 2.2
20:4n-3 1.1 1.5 1.1 0.3 — — 0.8 0.7
20:5n-3 27.1 34.6 23.4 12.2 — — 7.6 9.2
22:1 2.6 4.2 2.6 1.6 — — 10.2 3.0
22:5n-3 1.2 1.4 3.2 2.4 — — 0.8 1.5
22:6n-3 7.0 4.2 13.1 4.5 — — 11.2 21.4
Others 1.1 2.3 — — 1.6 1.1 1.5 0.6
aValues are the mean of two determinations for FA composition and three determinations for sn-2 MAG. A dash (—) means
not detected. 20:1 includes the isomers of n-9 and n-7, whereas 22:1 includes the isomers of n-11 and n-9.



Surgery of rats. Rats were anesthetized i.m. with a Zoletil
mixture (0.06 mL/100 g; The Royal Veterinary and Agricul-
tural University, Copenhagen, Denmark) and were subjected to
cannulation of the main mesenteric lymph duct (21) with a
clear vinyl tube (o.d. 0.8 mm, i.d. 0.5 mm; Critchley Electrical
Products, New South Wales, Australia). A silicone feeding tube
(o.d. 3.0 mm, i.d. 1.0 mm; Polystan, Værløse, Denmark) was
inserted into the fundus region of the stomach and fixed with a
purse-string suture. After surgery, the rats were placed in indi-
vidual restraining cages at 25°C (22) with tap water freely
available but without food and with a steady infusion of
saline–glucose (0.15 M NaCl, 0.004 M KCl, and 0.28 M glu-
cose) at 2 mL/h through the feeding tube. After surgery, the rats
were given 0.05 mL of antidote (atipamezol hydrochloride, 5
mg/mL; Antisedan, Orion, Espoo, Finland). To reduce pain and
stress, the rats received 0.3 mL of Rimadyl (carprofen, 50
mg/mL, diluted 1:10 with sterile water; Pfizer, Ballerup, Den-
mark) and 0.2 mL of Stesolid (diazepam, 5 mg/mL; Dumex-
Alpharma A/S, Copenhagen, Denmark) after the operation and
then regularly during the experiment.

Collection of lymph and administration of oil. Lymph col-
lection was initiated in the afternoon after the operation, and an
overnight fraction of lymph [with 0.7 mL of a 10% (wt/vol)
Na2 EDTA solution (E. Merck, Darmstadt, Germany) added to
prevent coagulation] was collected to obtain a baseline frac-
tion. In the morning on the first postoperative day, a sonicated
emulsion of 0.5 mL of oil and 0.5 mL of a solution containing
20 mM taurocholate (Sigma, St. Louis, MO) and 10 mg/mL
choline (Sigma) in distilled water was given as a bolus injec-
tion through the feeding tube followed by 0.5 mL of saline, and
the infusion of saline–glucose was continued at 2 mL/h. Lymph
was collected in tubes containing 100 or 200 µL of the EDTA
solution in the following fractions: 0–2, 2–3, 3–4, 4–6, and 6–8
h after oil administration. Immediately after collection, the
samples were analyzed by a particle sizer.

Particle-sizing procedure. Lymph samples were analyzed
using a Mastersizer 2000 (Malvern Instruments Ltd.) with both
the red light source (a helium–neon laser) and the blue solid-
state light source. Dispersed droplets and particles in the size
range of 20 nm to 2,000 µm can be measured, which is suitable
for chylomicrons that have an expected size range of between
40 and 300 nm. The measured light-scattering pattern is as-
sumed to come from spherical droplets, which is not a limita-
tion in this case since the chylomicrons were expected to be
spherical. The general purpose analysis model for unimodal
drop size distributions was selected. A refractive index of 1.33
was used for the dispersant (distilled water); the particle refrac-
tive index was 1.470 and the absorption value was 0.01, which
are the values for milk fat. The measurement procedure was as
follows: First, 100 mL of distilled water was added to the
Hydro SM dispersing unit, the stirrer was set at 2,500 rpm, and
background calibration with water was initiated. Lymph frac-
tions were weighed, and the entire fraction (4 or 10 mL for
baseline fractions) was added and stirred for 1 min before be-
ginning measurements. Three measurements were made on a
sample as it circulated in the Hydro SM unit to confirm that the

size distribution of the sample did not change with time during
measurement.

Calculation of particle number. Chylomicron samples of
between 1 and 4 mL were dispersed in 100 mL of water for
measurement in the Mastersizer 2000. The sizer measured a
volume concentration, c, which was equal to the volume of par-
ticles in the measurement system divided by the total volume
of liquid in the system. The volume of particles present can be
calculated using Equation 1:

VP = c(V1 + V2) [1]

where VP is the volume occupied by the particles in the system,
V1 is the volume of the sample aliquot containing the chylomi-
crons that was added to the sizer , and V2 is the volume of water
used to disperse the sample. Volume V1 = VP + Vm, where Vm
is the volume of the saline and EDTA solution mixture in which
the particles are suspended.

The sizer also measures the volume fraction, Ri, of particles
with an average diameter Di present in size interval i. The vol-
ume of particles in size interval i is

Vi = RiVP [2]

whereas for spherical particles it is

Vi = Ni π Di
3/6 [3]

where Ni is the number of particles present in that size interval.
Combining Equations 1, 2, and 3 gives

Ni = (6Ri/πDi
3)c(V1 + V2) [4]

For these experiments, V2 was 100 mL (±2 mL), and V1 was be-
tween 1.00 and 4.00 mL. The weight of the sample aliquot con-
taining the chylomicrons in grams was set equal to its volume in
milliliters when using Equation 4, since the fraction of chylomi-
crons in the sample aliquot was less than 2% by volume. The total
number of particles in the sample is the sum of the number of par-
ticles present within each individual size interval.

Since samples were collected over time periods of either 1
or 2 h, the number of particles measured was standardized to a
time interval of 1 h for all comparisons.

Statistics. Data represent the mean ± SEM of 5 rats in each
group. Differences in lymph flow between the baseline and
maximum flow rate in the different groups were tested using a
t-test. To test differences between groups in the total number of
lymph particles and in the number of particles in different size
intervals, one-way ANOVA with Tukey’s multiple comparison
post test was performed using GraphPad Prism, version 3.02
(GraphPad software, San Diego, CA).

RESULTS

Particle size distribution curve. An example of a particle size
distribution curve obtained from the Mastersizer instrument
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after administration of MLM oil is shown in Figure 1. The
major peak was in the interval 40–1,000 nm, representing
lipoproteins in the lymph. In some measurements we also ob-
served a much smaller but broader peak in the size interval
10,000–100,000 nm representing cells. Since this peak did not
interfere with the size measurements of the lipoproteins, we de-
cided not to use a centrifugation step to remove the cells and
thereby kept the method as simple as possible.

FA composition of TAG and in the sn-2 position of oils. The
MLM and LML oils had almost the same content of major FA
in the TAG, with 40 mol% of 10:0 and 34–36 mol% of long-
chain n-3 PUFA (EPA, 20:5n-3, and DHA, 22:6n-3), but the
structure represented by the FA in the sn-2 position of TAG dif-
fered, with high contents of 20:5n-3 and 22:6n-3 in the MLM
oil and a high content of 10:0 in the LML oil (Table 1). MCT
contained octanoic acid (8:0) and 10:0, and the fish oil had high
contents of palmitic acid (16:0), oleic acid (18:1n-9), 20:5n-3,
and 22:6n-3 with enrichment of the n-3 PUFA in the sn-2 posi-
tion.

Lymph flow. Lymph flow at the baseline represented by
lymph collected during the night following surgery, where rats
were in the fasting state, was 1.5 ± 0.1 mL/h for all rats with no
differences between groups. As a result of fat administration,
the lymph flow increased significantly (P < 0.05) compared
with the baseline flow. Maximum flow rates were observed in
the fraction at 0–2 h for MLM, MCT, and fish oil, with values
reaching 2.4 ± 0.2, 2.0 ± 0.3, and 2.5 ± 0.3 mL/h, respectively,
whereas the maximum flow rate after LML administration was
in the fraction at 2–3 h, reaching a value of 2.7 ± 0.2 mL/h. 

Particle size and numbers in lymph. Although slight differ-
ences in particle size distribution were observed among the
four oils, the difference in c differed greatly, indicating that the
number of particles collected in the different fractions differed.
Therefore, the volume distribution was converted to a number
distribution, and the number of particles in the different frac-

tions collected was calculated as described in the Materials and
Methods section. In the baseline fractions, the total number of
particles was between 1.014 and 1.214 (Fig. 2). Compared with
the number at baseline, the number of particles following fat
administration increased severalfold for the MLM, LML, and
fish oil groups, whereas MCT administration resulted only in a
small, nonsignificant increase in particle number. The highest
number of lymph particles after fish oil administration was ob-
served in the 2–3 h fraction, after MLM and LML administra-
tion in the 3–4 h fraction, and after MCT administration in the
4–6 h fraction. In most fractions, except baseline and 0–2 h, the
total number of particles after MCT administration was signifi-
cantly lower compared with the other fats (P < 0.05). The high-
est number of particles was observed after LML administra-
tion, although this number was not significantly different from
those after MLM and fish oil administration. 

The number of particles in each size interval was very low
for all four oils in the baseline fraction (Fig. 3). Following lipid
administration, the number in each size interval increased dra-
matically within the first 2 h after MLM administration, more
slowly after LML and fish oil administration, and even more
slowly after MCT administration; the highest number was
reached in the last two fractions from 4 to 8 h. Lipid absorption
resulted primarily in increases in particle numbers in the size
intervals 53–80 and 80–121 nm and in minor increases in the
other size intervals. No particles were observed with sizes
larger than 270 nm. Administration of MCT resulted in very
few particles of sizes of 158–182 and 182–270 nm, whereas
the other oils led to increases in the number of particles in the
intervals of larger particle size as well. 

DISCUSSION

Our results suggest that the number of particles in lymph in-
creased during the absorption of lipids containing long-chain
PUFA, but not during administration of MCT. Lipids contain-
ing long- and medium-chain FA positioned differently on the
TAG molecule gave similar numbers of lymph particles,
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FIG. 1. Particle size distribution curve in lymph after administration of
MLM (specific structured TAG, where M = medium-chain FA and L =
long-chain FA) as obtained from the Mastersizer instrument (Malvern
Instruments Ltd., Malvern, Worcestershire, United Kingdom). Volume
percentage is plotted as a function of particle size in nanometers. The
vertical lines indicate the focus region for further analysis. The coding
refers to animal 5, fraction number 2 or 5, along with a measurement
reference code.

FIG. 2. Total particle number in lymph in relation to the fraction after
administration of MLM, LML (specific structured TAG, where M =
medium-chain FA and L = long-chain FA), medium-chain TAG (MCT),
or fish oil. Data represent mean ± SEM. 



although there was a tendency toward a higher number with the
LML oil compared with the MLM oil. The highest number of
particles was observed in the size intervals of 53–80 and
80–121 nm. The size of lymph particles was easily measured
by a particle sizer immediately after collection. This method
was fast and without time-consuming sample preparation.

Dietary TAG are hydrolyzed in the intestinal tract by the
preduodenal lipases and the pancreatic lipase into sn-2 MAG
and FFA (23,24). The hydrolysis products are absorbed into the
enterocytes, with high conservation of the FA located in the sn-2
position of the dietary fat (25). In the enterocytes, the sn-2
MAG are reesterified with FA of exogenous and endogenous
origin to form a new population of TAG; these are packed into
chylomicrons and secreted to the lymph. Because of the high
polarity of short- and medium-chain FA, the low affinity for
the cytosolic FA-binding proteins, and the low activation to
CoA esters, these are primarily absorbed via the portal vein for
oxidation in the liver (26), with less absorption through the
lymphatic system as the chain length of the FA becomes shorter
(27). The MCT used in this study contained 62 mol% 8:0 and
36 mol% 10:0. With this FA composition, it was expected that
the oil would primarily be absorbed via the portal vein (26,27),
and this was probably the reason we did not observe an increase
in number of lymph particles following administration of MCT.
Although no obvious maximum number of lymph particles was
observed after MCT administration, the highest number oc-
curred in the last two fractions that were collected in the exper-
iment. The sn-2 MAG from the hydrolysis of MCT were ab-
sorbed into the enterocytes for TAG resynthesis, whereas the
FFA primarily were led to the portal vein; this may have caused
a shortage of FA for TAG resynthesis in the enterocytes. There-

fore, endogenous FA stores had to be mobilized before TAG
resynthesis could take place, and this may be the cause for the
delay in the maximum number of lymph particles after MCT
administration.

Structured TAG may combine the advantages of the easily
digested and absorbed MCT with the delivery of different
PUFA with specific effects in the body. In the present study, we
combined medium-chain FA with n-3 PUFA of marine origin.
A high intake of n-3 PUFA has been correlated with beneficial
effects on the plasma lipid profile, leading to a low incidence
of coronary heart disease (16,28). Furthermore, n-3 PUFA were
shown to influence brain and visual development during in-
fancy (29) and to have immunomodulatory effects (30). The
interest in these effects has led to studies on the potential bene-
fits of structured TAG containing n-3 PUFA. In the present
study, we compared the effects of MLM and LML structured
lipids with n-3 PUFA on lymph particle size and number. Both
oils resulted in increases in the number of particles during ab-
sorption, and there was a tendency toward a higher number of
particles following LML administration. Because of the struc-
ture of MLM, we expected that parts of the medium-chain FA
hydrolyzed from the outer positions of the TAG would be ab-
sorbed via the portal vein and therefore result in less FFA for
resynthesis in the enterocytes, and thus in a lower number of
lymph particles compared with LML. Furthermore, a shortage
of FFA for the resynthesis of TAG after MLM administration
could explain why the maximum number of lymph particles
was not observed before the 3–4 h fraction. The maximum
number of particles was observed in the same fraction after
LML administration. The tendency for acyl migration is higher
when medium-chain FA are located in the sn-2 position of TAG
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FIG. 3. Number of particles in different size intervals and in the different fractions after administration of MLM,
LML, MCT, or fish oil, respectively. Data represent mean ± SEM. Notice the different scales in the four figures. For
abbreviations see Figures 1 and 2.



(13) compared with long-chain FA in the sn-2 position (25).
This could lead to a shortage of sn-2 MAG, which would delay
TAG resynthesis in the enterocytes. Fish oil was enriched with
n-3 PUFA in the sn-2 position, which caused the structure to
resemble MLM more than it resembled LML, whereas the
overall FA composition differed due to the high content of
medium-chain FA in the MLM oil. The maximum number of
particles appeared in an earlier fraction after fish oil adminis-
tration compared with administration of MLM and LML. We
have investigated the in vitro rate of pancreatic lipase hydroly-
sis and the lymphatic absorption of these three oils, and have
observed a faster hydrolysis and a faster absorption of fish oil
compared with the two structured oils (Porsgaard, T., Xu, X.,
Göttsche, J., and Mu, H., unpublished report), which correlates
well with the earlier time for the maximum number of particles
observed after fish oil administration in the present study. The
number of particles observed after fish oil administration was
between the numbers observed after MLM and LML adminis-
tration although it was not significantly different from either. 

VLDL (diameter 30–90 nm) are the predominant lipopro-
teins secreted by the intestine during the fasting state. After fat
ingestion, the secretion of chylomicrons is induced and the di-
ameter of chylomicrons in the postprandial state is between 40
and 300 nm (2,5,11,12) depending on the nature of the admin-
istered fats. Tso et al. (31) suggested that chylomicron synthe-
sis is induced during fat absorption because at high FA concen-
trations, the VLDL secreted is saturated. In the present study,
the highest number of particles in the fasting state was found in
the size intervals of 53–80 and 80–121 nm. They probably rep-
resented mostly VLDL particles. During fat absorption, in-
creases in particle numbers were observed in all size intervals
after administering all four oils but especially in the intervals
of 53–80 and 80–121 nm. Since we did not separate the lymph
particles into chylomicrons and VLDL, we may conclude ei-
ther that we observed an increase in the number of VLDL par-
ticles in the absorptive state or that the absorption of the ad-
ministered fats resulted in increases in the number of small chy-
lomicrons. Kalogeris and Story (5) measured the mean
diameters of lymph chylomicrons isolated by ultracentrifuga-
tion between 87 and 112 nm after infusion in rats of corn, but-
ter, and olive oil, which were sizes close to those measured in
our experiment. Levy et al. (1) found that the diameter of chy-
lomicrons isolated after MCT administration (60 nm) was
smaller compared with the diameter of chylomicrons isolated
after safflower (185 nm) and coconut oil (140 nm) administra-
tion. Therefore, we conclude that administration of structured
oils as well as fish oil and MCT under the experimental condi-
tions applied in this study primarily resulted in increases in the
numbers of small chylomicrons. Although we also observed
increases in the larger size intervals, we measured increases in
the numbers rather than increases in the sizes during absorp-
tion of the administered oils. This is in contrast to what was ob-
served by Hayashi et al. (2), in which triolein absorption led to
the expansion of chylomicron size instead of increases in the
number of secreted chylomicrons. Differences in experimental
conditions could be a reason for this discrepancy, since Hayashi

et al. used an 8-h intraduodenal infusion of lipid and followed
the absorption during and after establishing steady-state TAG
transport, whereas we followed the absorption of a single bolus
of oil. On the contrary, this cannot be the entire story, since
Kalogeris and Story (4) observed differences in chylomicron
size as well as in number after using experimental conditions
similar to those of Hayashi et al. Degrace et al. (6) suggested
that the size and number of chylomicrons secreted during ab-
sorption depends on the time involved in absorption of the in-
dividual fats, and thereby also the length of the small intestine
that is involved in the absorption process.

Few other studies have investigated the effect of structured
lipids on chylomicron size and number. Carvajal et al. (12) per-
formed experiments with MLM and LML structured oils con-
taining medium-chain FA and linoleic acid (18:2n-6). Rats
were fed experimental diets containing the structured oils for 3
wk followed by lymph collection. No effect from differences
in intramolecular structures was found in lymph lipid output,
lipid composition of the chylomicrons, or particle size. The par-
ticle size was slightly higher (120–140 nm) than we measured.
Aoe et al. (11) compared the effect of positional distribution of
dioleoyl-palmitoyl glycerol on chylomicron transport, compo-
sition, and size in rats and observed that the mean diameter of
chylomicrons was larger after an infusion of 1,3-dioleoyl-2-
palmitoyl glycerol compared with 1,2-dioleoyl-3-palmitoyl
glycerol. On the basis of the experiments performed with struc-
tured oils, no overall conclusion can be drawn on whether the
intramolecular structure of dietary TAG influences the size and
number of chylomicrons produced during absorption and there-
fore also whether the structured oils influence postprandial
lipemia differently.
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ABSTRACT: The present study investigated the metabolic fate
of dietary TAG and DAG and also their digestion products in the
stomach and small intestine. A diet containing 10% TAG or DAG
oil, enriched in 1,3-DAG, was fed to Wistar rats ad libitum for 9
d. After 18 h of fasting, each diet was re-fed ad libitum for 1 h.
The weights of the contents of the stomach and small intestine
were measured, and the acylglycerol and FFA levels were ana-
lyzed by GC at 0, 1, and 4 h after the 1-h re-feeding. The amounts
of re-fed diet ingested and the gastric and small intestinal content
were not different between the two diet groups. In the TAG diet
group, the main products were TAG and DAG, especially 1(3),2-
DAG. In addition, 1,3-DAG and 1(3)-MAG were present in the
stomach, and the 1,3-DAG levels increased over time after the
re-feeding period. In the DAG diet group, the main products in
the stomach were DAG, MAG, FFA, and TAG. There were signif-
icantly greater amounts of 1,3-DAG, 1(3)-MAG, and FFA in the
DAG diet group in the stomach compared with the TAG diet
group. The amount of FFA in the stomach relative to the amount
of ingested TAG plus DAG in the DAG diet group was higher than
that in the TAG diet group. Acylglycerol and FFA levels were con-
siderably lower in the small intestine than in the stomach. These
results indicate that, in the stomach, where acyl migration might
occur, the digestion products were already different between
TAG and DAG oil ingestion, and that DAG might be more read-
ily digested by lingual lipase compared with TAG. Furthermore,
almost all of the dietary lipid was absorbed, irrespective of the
structure of the acylglycerol present in the small intestine.

Paper no. L9593 in Lipids 40, 281–286 (March 2005).

Although the majority of the digestion of dietary lipids is com-
pleted in the small intestine, the digestion starts in the stomach.
From 10 to 30% of ingested lipid is digested in the stomach by
gastric lipase, and, as a result, gastric lipid digestion has an im-
portant role in humans (1,2), especially in neonates and in pa-
tients with cystic fibrosis or pancreatitis (3–6). In rats, the di-
gestion of lipids in the stomach is catalyzed by lingual lipase
(7–11), which has considerable homology with the amino acid
sequence of human gastric lipase (12,13). This enzyme prefer-
entially cleaves the ester bonds at the sn-3 position relative to
the sn-1 position under acidic conditions (pH 3.0 to 6.5) (7,8).

Hamosh et al. (11) measured gastric TAG levels after feeding a
diet containing corn oil to rats ad libitum for 10 or 20 min. They
reported that approximately 20 and 29% of the ingested TAG
was digested after 10- and 20-min feeding periods, respec-
tively. Lai and Ney (14) reported that the gastric TAG levels
were approximately 38 to 50%, 12 to 17%, and 2 to 4% of the
ingested TAG at 2, 5, and 9 h, respectively, after a diet contain-
ing corn oil or palm oil was fed to rats. In these studies, only
changes in the ingested TAG levels were determined, and
changes in makeup of digestion products (DAG, MAG, and
FFA) were not investigated. Differences in the rate and extent
of digestion of lipids by gastric and pancreatic lipases depend
on the nature of the FA present. Medium-chain TAG that con-
tain FA such as octanoic and decanoic acids were reported to
be digested more rapidly than long-chain TAG (15). However,
differences in the digestion of lipids with respect to the number
and position of FA attached to the glycerol backbone have not
been examined extensively.

TAG constitutes the greater portion of dietary lipids of ani-
mal and vegetable origin as a high energy source, whereas
DAG, a type of natural structured lipid contained in many edi-
ble oils and fats, makes up a few to approximately 10% of the
dietary lipids from animals and vegetables (16,17). A dietary
DAG oil rich in 1,3-DAG decreases serum TAG levels (18,19),
prevents postprandial hyperlipidemia (20–22), and suppresses
visceral fat accumulation (23–26) in animals and humans in
comparison with TAG oil with a similar FA composition.
Taguchi et al. (27) also reported that the absorption coefficient
of DAG oil was 96%, similar to that of TAG oil. However, a
detailed understanding of the digestion products of DAG oil
compared with TAG oil is limited.

In this study, we administered a diet containing TAG or
DAG oil with a similar FA composition to rats and investigated
the metabolic features of the dietary lipids, which differed in
structure, by analyzing the digestion products in the stomach
and small intestine, the main locations where digestion occurs.

EXPERIMENTAL PROCEDURES

Test oil. TAG oil was prepared by mixing rapeseed oil, saf-
flower oil, and perilla oil to conform to the FA composition
of DAG oil. DAG oil was prepared by esterifying glycerol
with FFA from rapeseed oil and soybean oil by the method of
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Huge-Jensen et al. (28). The FA and acylglycerol composi-
tion of each oil, as analyzed by GC, is shown in Table 1. The
FA composition of the TAG oil was very similar to that of the
DAG oil. The DAG concentration of the DAG oil was 85.8
g/100 g and the ratio of 1(3),2- to 1,3-DAG was 32.5:67.5.

Diet. The test diet contained 10 g/100 g of either TAG or
DAG oil. Ingredients other than the test oil were casein (20
g/100 g), cellulose (4 g/100 g), AIN-76 mineral mixture (29)
(4 g/100 g), AIN-76 vitamin mixture (29) (1 g/100 g), and
potato starch (61 g/100 g). Each diet was prepared in one
batch for the entire experimental period and was stored at
5°C. 

Animals and experimental design. Male Wistar rats (7 wk
old, 189 ± 7.8 g), obtained from CLEA Japan (Tokyo, Japan),
were housed in metal cages and had free access to commercial
rodent diet CE-2 (CLEA Japan) and drinking water. They were
maintained in a temperature-controlled environment (23 ± 2°C)
under a 12-h light/dark cycle. After a 7-d acclimatization pe-
riod, they were divided into two groups so that the body weight
of each group was approximately equal and transferred to indi-
vidual metabolic cages. The rats in one group were fed the
TAG oil diet, and the others were fed the DAG oil diet (TAG
diet group and DAG diet group, respectively) for 9 d to accus-
tom the animals to eating each test diet. Food intake was
recorded every 3 or 4 d. The body weights of all rats were
recorded at day 1 and 9. After ingestion of the test diets for 9 d,
the rats were fasted for 18 h and then re-fed each diet ad libi-
tum for 1 h. At the defined time points, 0, 1, and 4 h after re-
feeding the test diets, the rats were anesthetized with diethyl
ether and killed by withdrawing blood from the abdominal
aorta. The stomach and small intestine (60 cm from the py-
lorus) were removed and washed three times with 5 mL of ice-
cold 150 mM NaCl, respectively. Each content was mixed with
15 mL of ethanol and stored at −70°C until measurement. The
groups that were killed at 0, 1, and 4 h after re-feeding of the

test diets are referred to hereafter as the 0 h, 1 h, and 4 h groups,
respectively. The group that was not re-fed is referred to as the
fasting group. The animal experiments were performed with
the approval of the Ethics Committee for Experimental Ani-
mals of the Kao Corporation.

Lipid extraction. The lipids were extracted from aliquots of
the freeze-dried gastric and small intestinal contents homoge-
nized using a mortar, and a chloroform solution of penta-
decanoic acid methyl ester (Sigma Chemical Co., St. Louis,
MO), as an internal standard, was added using a modification
of the method of Folch et al. (30).

Lipids analysis by GC. The lipid contents of the extracted
total lipids were analyzed by GC. The lipids were purified
using Sep-Pak silica (Waters, Milford, MA). The lipids were
silylated with trimethylchlorosilane TMSI-H (GL Science,
Tokyo, Japan) by a modification of the American Oil Chemists’
Society official method (31) and the method of Taguchi et al.
(27). The trimethylsilyl esters dissolved in hexane were sepa-
rated on a GC-18A gas chromatograph (Shimadzu, Kyoto,
Japan) connected to a FID and fitted with a DB-1 capillary col-
umn (15 m × 0.25 mm × 0.1 µm; J&W Scientific, Folsom, CA).
Operating conditions were: initial temperature, 80°C; rate of
temperature increase, 10°C/min; final temperature, 335°C (held
for 44.5 min); injection and detector temperature, 350°C; car-
rier gas, helium at 1.78 mL/min. Peak detection was performed
using a GC work station CLASS-GC 10 (Shimadzu) pro-
grammed for peak identification.

Materials for GC. Palmitic, stearic, oleic, linoleic, and lino-
lenic acids as the FFA standards, 1-monooleoyl-glycerol as the
1(3)-MAG standard, and 2-monooleoyl-glycerol as the 2-MAG
standard were purchased from Sigma Chemical Co. 1-Oleoyl-
2-palmitoyl-glycerol and 1-oleoyl-3-palmitoyl-glycerol were
purchased from Funakoshi (Tokyo, Japan). 1,2-Dioleoyl-glyc-
erol and 1,3-dioleoyl-glycerol were purchased from Sigma
Chemical Co. 1-Oleoyl-2-palmitoyl-glycerol and 1,2-dioleoyl-
glycerol were used as the 1(3),2-DAG standards, 1-oleoyl-3-
palmitoyl-glycerol and 1,3-dioleoyl-glycerol were used as the
1,3-DAG standards. 1,3-Dioleoyl-2-palmitoyl-glycerol, from
Sigma Chemical Co, and trioleoyl-glycerol, from Wako
(Osaka, Japan) were used as the TAG standards. 

Statistical analyses. Data are expressed as the means ± SD.
Statistical significance of the differences (P < 0.05) between
the two diet groups were determined by Student’s t-test and a
two-way ANOVA using StatView for Windows version 5.0
(SAS Institute, Inc., Cary, NC).

RESULTS AND DISCUSSION

Food intake and body weight. The amounts of food intake in
the TAG and DAG diet groups for 9 d were 152.1 ± 9.2 and
147.7 ± 10 g/rat, respectively. Body weights of the fasting, 0,
1, and 4 h groups in the TAG diet group after ingestion for 9 d
were 234.2 ± 10.2, 247.6 ± 7.5, 236.7 ± 9.7, and 248.5 ± 6.5g,
respectively. The values for the fasting, 0, 1, and 4 h groups in
the DAG diet group after ingestion for 9 d were 234.2 ± 8.9,
240.8 ± 6.4, 235.9 ± 12.8, and 244.5 ± 11.5 g, respectively. The
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TABLE 1
FA and Acylglycerol Compositions of TAG Oil and DAG Oil

Component TAG DAG

FA g/100 g total FA
14:0 0.1 0
16:0 5.4 3.1
16:1 0.2 0
18:0 2.0 1.2
18:1 37.1 39.2
18:2 46.0 47.5
18:3 7.3 8.6
20:0 0.5 0.2
20:1 0.9 0.2
22:0 0.2 0
22:1 0.1 0

Acylglycerols g/100 g oil

TAG 97.7 13.8
DAG 2.3 85.8
1(3),2-DAG 1.1 27.9
1,3-DAG 1.2 57.9

MAG 0 0.4



amounts of food intake during the re-feeding period (for 1 h)
of the 0, 1, and 4 h groups in the TAG diet group after 18 h of
fasting were 4.3 ± 1.2, 4.1 ± 1.9, and 4.7 ± 1.2 g, respectively.
The values for 0, 1, and 4 h groups in the DAG diet group after
18 h of fasting were 5.0 ± 1.4, 4.1 ± 1.1, and 5.0 ± 1.3 g, re-
spectively. There were no differences at any point between the
two diet groups in the amounts of food consumed for 9 d, body
weights, and amounts of food intake during the re-feeding pe-
riod . All rats remained healthy during the study period.

Gastric/intestinal contents. The dried gastric and small in-
testinal (60 cm from the pylorus) contents at 0, 1, and 4 h after
the re-feeding period in the TAG and DAG diet groups and the
fasting group are shown in Table 2. The gastric contents de-
creased over time after the re-feeding period in both the TAG
and DAG diet groups. At 4 h after the re-feeding period, the
gastric contents in the TAG and DAG diet groups were 34.1 ±
9.3 and 34.1 ± 4.8% of the weight of the re-fed diet, respec-
tively. In the two diet groups, the small intestinal contents were

highest at 1 h after the re-feeding period. At 1 h after the re-
feeding period, the small intestinal contents in the TAG and
DAG diet groups were 7.1 ± 3.2 and 7.1 ± 1.6% of the weight
of the re-fed diet, respectively. There were no differences in the
gastric and small intestinal contents between the two diet
groups.

Acylglycerols and FFA in the gastric content. Acylglycerol
and FFA levels in the gastric contents of the TAG and DAG
diet groups are shown in Table 3. The gastric contents in the
fasting group were small, and there were no differences in the
acylglycerol and FFA levels between the two diet groups.

In the TAG diet group, the main products were TAG and
DAG, especially 1(3),2-DAG. The TAG and 1(3),2-DAG lev-
els decreased over time after the re-feeding period, whereas the
1,3-DAG level increased over time after the re-feeding period.
The 1(3)-MAG, 2-MAG, and FFA levels were highest at 1 h
after the re-feeding period. The TAG intakes, which were cal-
culated from the food intake and the TAG content in the TAG
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TABLE 2
Amounts of Gastric and Small Intestinal Contentsa (dry wt)

Tissue Test group TAG diet group DAG diet group

(g/stomach) (%)b (g/stomach) (%)
Fasting 0.16 ± 0.12 0.15 ± 0.04

Stomach 0 h 3.81 ± 1.24 (87.8 ± 7.8) 4.43 ± 1.60 (87.7 ± 18.9)
1 h 2.77 ± 1.81 (63.3 ± 12.9) 2.74 ± 1.06 (64.0 ± 17.2)
4 h 1.82 ± 0.82 (34.1 ± 9.3) 1.53 ± 0.71 (34.1 ± 4.8)

(g/intestine) (%) (g/intestine) (%)

Fasting 0.16 ± 0.12 0.15 ± 0.04
Small intestine 0 h 0.22 ± 0.03 (5.4 ± 2.2) 0.20 ± 0.05 (4.1 ± 1.5)

1 h 0.27 ± 0.13 (7.1 ± 3.2) 0.28 ± 0.07 (7.1 ± 1.6)
4 h 0.22 ± 0.07 (4.5 ± 1.7) 0.21 ± 0.04 (4.2 ± 1.1)

aValues are the mean ± SD (n = 7).
bMean ± SD are shown as percentages of the amounts of ingested test diet for 1 h.

TABLE 3
Amounts of Acylglycerols and FFA in the Stomacha (mg/gastric content)

FFA/ingested
Test group TAGb 1(3),2-DAGc 1,3-DAGd 1(3)-MAGe 2-MAGf FFAg TAG + DAG (%)h

Fasting 0.06 ± 0.12 0.00 ± 0.01 ND 0.01 ± 0.03 0.07 ± 0.17 0.05 ± 0.14 —
TAG diet 0 h 218.85 ± 97.38 51.98 ± 14.58 0.54 ± 0.70 0.63 ± 0.83 4.15 ± 2.41 12.09 ± 5.49 2.72 ± 1.05
group 1 h 154.89 ± 73.09 46.86 ± 24.49 8.71 ± 6.94 1.22 ± 0.83 4.38 ± 2.41 20.07 ± 11.38 4.44 ± 1.60

4 h 154.85 ± 50.94 32.53 ± 9.86 16.89 ± 8.71 0.90 ± 0.50 0.92 ± 1.08 13.84 ± 5.30 2.46 ± 0.69
Fasting 0.14 ± 0.20 ND ND 0.06 ± 0.16 0.04 ± 0.08 0.18 ± 0.47 —

DAG diet 0 h 67.94 ± 49.18** 78.58 ± 39.05 127.48 ± 59.02** 16.78 ± 7.88** 6.99 ± 4.03 26.19 ± 22.85 4.62 ± 2.96
group 1 h 42.45 ± 17.76** 49.49 ± 15.81 85.33 ± 33.11*** 11.24 ± 3.75*** 5.97 ± 3.22 23.70 ± 7.96 5.57 ± 1.02

4 h 28.67 ± 6.85*** 44.39 ± 13.01 71.87 ± 17.35** 9.25 ± 3.09** 4.19 ± 1.88* 20.12 ± 4.56* 3.64 ± 0.65**
Diet <0.0001 NS <0.0001 <0.0001 =0.0037 =0.0251 =0.017

Two-way Time <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 =0.028
ANOVA Diet × time =0.0014 NS <0.0001 <0.0001 NS NS NS

aValues are means ± SD (n = 7). ND, not determined; NS, not significant. Significantly different from TAG diet group: *P < 0.05; **P < 0.01; ***P < 0.001.
bTAG standard.
c1(3),2-DAG standard.
d1,3-DAG standard.
e1(3)-MAG standard.
f2-MAG standard.
gFFA standard.
hGastric FFA contents relative to the amount of ingested fat (sum of TAG + DAG).



diet, were 452 ± 126, 430 ± 199, and 540 ± 110 mg/rat in the 0,
1, and 4 h groups, respectively. The TAG levels in the gastric
contents in the TAG diet group were 219 ± 97, 155 ± 73, and
155 ± 51 mg/rat in the 0, 1, and 4 h groups, amounting to 47 ±
9, 36 ± 5, and 28 ± 6% of the TAG intakes, respectively. Lai
and Ney (14) reported that the gastric TAG levels were approx-
imately 38 to 50% and 12 to 17% of the TAG intakes at 2 and
5 h, respectively, after a diet containing 16% corn oil was fed
to rats. Therefore, the results of the present study were consis-
tent with those of Lai and Ney. TAG is digested into DAG,
MAG, or FFA by lingual lipase or gastric lipase under acidic
conditions (pH 3.0–6.5) (1,2,11). The main products of diges-
tion of TAG in the stomach include 1,2-DAG and 2-MAG,
since these lipases preferentially cleave the ester bond at the
sn-3 position relative to the sn-1 position (7,8). In the present
study, DAG and MAG, detected in the stomach of the TAG diet
group were mainly 1(3),2-DAG and 2-MAG, as has been pre-
viously reported (8); in addition, 1,3-DAG and 1(3)-MAG di-
gestion products were present. It is noteworthy that the 1,3-
DAG levels increased over time after the re-feeding period.
This finding raises the possibility that 1(3),2-DAG, a digestion
product of TAG, might have been converted to 1,3-DAG in the
stomach under acidic conditions as the result of acyl migration,
as heat and acid treatment promotes the migration of acyl
groups in the DAG molecule (32). Meanwhile, 1(3)-MAG
might be produced as a digestion product of 1,3-DAG. 

In the DAG diet group, the main products were DAG,
MAG, FFA, and TAG. The TAG, 1(3),2-DAG, 1,3-DAG, 1(3)-
MAG, 2-MAG, and FFA levels decreased over time after the
re-feeding period. There were no differences in the 1(3),2-
DAG level in the gastric contents between the TAG diet group
and the DAG diet group. The 1,3-DAG and 1(3)-MAG levels
in the DAG diet group were higher than those in the TAG diet
group. The levels of 2-MAG and FFA, and the gastric FFA con-
tents relative to the amount of ingested fat (TAG plus DAG) in
the DAG diet group were higher than those in the TAG diet
group. Murase et al. (25) and Kondo et al. (33) reported that
the levels of 1(3)-MAG and FFA, as digestion products in the
small intestinal lumen after the administration of a 1,3-[car-
boxyl-14C]DAG emulsion into the small intestine, were higher
than those after the administration of a [carboxyl-14C]TAG

emulsion. The data presented herein confirm 1(3)-MAG and
FFA as metabolic features of DAG oil, also in the stomach, in
the case of rats fed a DAG diet. We hypothesize that the 1(3)-
MAG levels in the DAG diet group were higher than those in
the TAG diet group because an ester bond in 1,3-DAG, a major
constituent of the DAG diet, was cleaved at the sn-3 position
by lingual lipase, as was demonstrated for TAG (7,8). The FFA
levels and the gastric FFA contents relative to the amount of
ingested fat [FFA/ingested TAG plus DAG (%)] in the DAG
diet group were higher than those in the TAG diet group. These
findings indicate that DAG might be more readily digested by
lipase compared with TAG in the stomach. The rate constant
(k1) in the first step, in which TAG is digested into 1(3),2-DAG
and FFA by pancreatic lipase, was lower than that (k2) in the
second step, in which 1(3),2-DAG is digested into 2-MAG and
FFA, suggesting that pancreatic lipase more markedly pro-
motes digestion of DAG (34). In adipose tissue, hormone-sen-
sitive lipase (HSL) has a high affinity for DAG compared with
TAG (35). To our knowledge, there are no analogous reports of
differences between lingual and gastric lipase; however, the re-
sults reported herein suggest that lingual and gastric lipase pro-
mote the preferential digestion of DAG rather than the diges-
tion of TAG, as demonstrated for pancreatic lipase and HSL. 

Acylglycerols and FFA in the small intestinal content. The
acylglycerol and FFA levels in the small intestinal contents of
the TAG and DAG diet groups are shown in Table 4. In the fast-
ing group, there were no differences between the two diet groups
in the acylglycerol and FFA levels in the small intestinal con-
tents. Nor were there differences in the 1(3),2-DAG, 1,3-DAG,
1(3)-MAG, 2-MAG, and FFA levels between the two diet
groups. The TAG level in the DAG diet group was significantly
higher than that in the TAG diet group at 0 h after the re-feeding
period; however, there were no differences at 1 and 4 h after the
re-feeding period. As just above, DAG might be more readily di-
gested by lipase compared with TAG in the stomach. Thus, in
the DAG diet group, the digestion of TAG in the presence of
DAG might be delayed compared with DAG digestion, and the
TAG content in the small intestine might be transiently higher
than that in the TAG diet group. In both the TAG and DAG diet
groups, the acylglycerol and FFA levels in the small intestine
were markedly lower than those in the stomach. The amounts of
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TABLE 4
Amounts of Acylglycerols and FFA in the Small Intestinea (mg/small intestinal content)

Test group TAGb 1(3),2-DAGc 1,3-DAGd 1(3)-MAGe 2-MAGf FFA

Fasting ND 0.01 ± 0.02 ND ND 0.01 ± 0.02 0.16 ± 0.24
TAG diet 0 h 0.26 ± 0.24 0.25 ± 0.11 0.14 ± 0.09 ND 0.07 ± 0.06 0.75 ± 1.17
group 1 h 0.30 ± 0.44 0.15 ± 0.15 0.03 ± 0.06 ND 0.15 ± 0.10 0.52 ± 0.53

4 h 0.04 ± 0.07 0.09 ± 0.13 0.03 ± 0.04 ND 0.04 ± 0.06 1.33 ± 1.57
Fasting ND 0.02 ± 0.03 ND ND 0.02 ± 0.03 0.06 ± 0.15

DAG diet 0 h 1.11 ± 0.60* 0.29 ± 0.08 0.18 ± 0.08 0.03 ± 0.02 0.06 ± 0.04 1.78 ± 1.64
group 1 h 0.48 ± 0.60 0.20 ± 0.19 0.13 ± 0.19 ND 0.06 ± 0.06 0.73 ± 0.70

4 h 0.10 ± 0.10 0.10 ± 0.05 0.01 ± 0.02 ND ND 1.06 ± 0.92
Diet = 0.0047 NS NS NS NS NS

Two-way Time <0.0001 <0.0001 <0.0001 NS = 0.0013 = 0.0135
ANOVA Diet × time = 0.0132 NS NS NS NS NS

aFor footnotes see Table 3.



acylglycerols plus FFA in the small intestinal contents were 0.4%
or less of the amounts of ingested TAG or DAG oil. Lai and Ney
(14) reported that the amount of TAG in the small intestinal con-
tents was less than 0.7% of the total amount of ingested TAG oil.
Therefore, the results of the present study are consistent with
those reported by Lai and Ney. Our results also demonstrated
that both TAG and DAG oils are nearly completely digested and
absorbed in the small intestine.

Our results suggest that, in the stomach of the rat, acyl mi-
gration from 1,2-DAG to 1,3-DAG may occur and the diges-
tion products of TAG and DAG oil ingestion are different.
Moreover, DAG oil is more readily digested than TAG oil.
Therefore, DAG oil might be useful for neonates with under-
developed digestion and absorption, and patients with cystic fi-
brosis or pancreatitis. 
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ABSTRACT: Glycerol kinase (ATP:glycerol-3-phosphotrans-
ferase, EC 2.7.1.30, glycerokinase) (Gyk) has a central role in
plasma glycerol extraction and utilization by tissues for lipid
biosynthesis. Gyk deficiency causes various phenotypic changes
ranging from asymptomatic hyperglycerolemia to a severe meta-
bolic disorder with growth and psychomotor retardation. To better
understand the potential role of Gyk in tissue lipid metabolism, we
determined phospholipid (PL), cholesterol (Chol), and triacylglyc-
erol (TG) mass in a number of tissues from mice lacking Gyk. We
report a tissue-dependent response to Gyk gene deletion. Tissues
with elevated total PL mass (brain, kidney, muscle) were character-
ized by the increased mass of ethanolamine glycerophospholipids
(EtnGpl), choline glycerophospholipids, and phosphatidylserine
(PtdSer). In heart, lipid changes were characterized by a reduction
in total PL, including decreased EtnGpl, phosphatidylinositol, and
PtdSer mass and decreased TG and FFA mass. In parallel with tis-
sue PL alterations, tissue Chol was also changed, maintaining a nor-
mal Chol/PL ratio. Under conditions of Gyk deficiency, we specu-
late that glycerol-3-phosphate and lipid production is maintained
via alternative biosynthesis, including glycolysis, glyceroneogene-
sis, or by direct acylation of glycerol in brain, muscle, kidney, and
liver, but not in heart. 

Paper no. L9641 in Lipids 40, 287–293 (March 2005).

In mammals, the main sources of glycerol are either triacyl-
glycerol (TG) hydrolysis in tissues or direct synthesis via glyc-
eroneogenesis (1). Once inside the cell, glycerol is immediately
phosphorylated by glycerol kinase (Gyk), thereby targeting
glycerol to different metabolic pathways and maintaining an
inward gradient for glycerol flux (2). The importance of glyc-
erol in mammals is demonstrated by a high turnover rate of
whole-body glycerol, which is equivalent to that for glucose
(3–5). The bulk of total glycerol is used by liver and kidney (6),
whereas the remainder of the glycerol is used by nonhepatic,
nonrenal tissues, including muscle (7), brain (8,9), heart, and
adipose tissue (10). The predominant use of glycerol in tissue

is for TG and phospholipid (PL) biosynthesis (1,7,9,11,12). For
example, in liver the half-life of glycerol is 0.5 h for TG and
several hours for PL (13). The half-life of glycerol in brain PC
is 3 d (14), and 5 d in the total lipid fraction (15). Glycerol can
also be used for glucose and amino acid synthesis (8), account-
ing for up to 20–25% of total glucose production (4,16). Fur-
ther, it can also be directly oxidized to CO2, representing
3–10% of total body CO2 output (3), and it can be used for for-
mation of a hydrogen shuttle system in mitochondria (17). 

Because Gyk has a central role in plasma glycerol extrac-
tion and utilization by tissues, its activity could be critical for
the formation of membrane PL and deposited lipids, such as
TG, as well as for carbohydrate homeostasis and energy pro-
duction by tissues. X-Linked Gyk deficiency in humans causes
various phenotypic changes ranging from asymptomatic hy-
perglycerolemia to a severe metabolic disorder with growth
and psychomotor retardation (18). Gyk deficiency may be as-
sociated with Duchenne muscular dystrophy and congenital
adrenal hypoplasia as part of a contiguous gene deletion syn-
drome (18). In contrast, a number of intragenic mutations at the
Gyk locus have been reported in humans with isolated Gyk de-
ficiency (19–22); however, the biochemical effects of Gyk de-
ficiency on multiple metabolic pathways remain unknown.

To study the physiological role of Gyk and the pathophysi-
ology of Gyk deficiency, we previously generated Gyk-defi-
cient mice by gene-targeted deletion (23). In contrast to Gyk-
deficient humans, the affected males die 3–4 d after birth and
are characterized by normal plasma glucose, 80-fold elevation
in plasma glycerol level, and a 3-fold elevation of plasma FFA.
Further, these mice demonstrate induction of gluconeogenic
genes, probably via elevated glucocorticoids. Others have ob-
served that Gyk deficiency inhibits glycerol utilization in PL
and TG biosynthesis (24), confirming the importance of Gyk
in lipid metabolism. 

To better understand the potential role of Gyk on tissue lipid
metabolism, we determined PL mass and composition. In addi-
tion, cholesterol (Chol), FFA, and TG mass were measured in
these tissues. We report tissue-dependent differences in re-
sponse to loss of Gyk activity. In parallel with alteration in PL
mass, Chol mass was also changed, maintaining a normal
Chol/PL ratio. In the absence of Gyk-produced glycerol-3-
phosphate (Gro-3-P), we speculate that lipid production is
maintained via alternative biosynthesis, including glycolysis
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and glyceroneogenesis, or by direct acylation of glycerol in
brain, muscle, kidney, and liver, but not in heart.

MATERIALS AND METHODS

Animals. X-Linked Gyk-deficient mice were generated by gene
targeting in embryonic stem cells (23). Male pups were killed
on postnatal day 2 and tissues were collected by dissection fol-
lowed by snap-freezing in liquid nitrogen. The genotypes of
the mice were then determined by a PCR-based assay, and male
littermates with an intact Gyk gene served as controls. All stud-
ies were performed following approval by the Baylor College
of Medicine institutional animal use review committee.

Tissue lipid extraction. Frozen tissue was pulverized under
liquid nitrogen temperatures. Lipids from the tissue powder
were extracted using a Tenbroeck tissue homogenizer and n-
hexane/2-propanol (3:2, vol/vol) (25,26). Briefly, tissue was
homogenized in 1.8 mL n-hexane/2-propanol (3:2, vol/vol) per
0.1 g tissue and quantitatively transferred to a test tube, using
an additional 3 mL of n-hexane/2-propanol (3:2, vol/vol) per
0.1 g tissue to rinse the homogenizer. The protein-containing
residue was pelleted by centrifugation.

Sample preparation for analysis. Lipid extracts were pre-
pared for separation by HPLC by reducing the sample volume
under a stream of nitrogen and filtering the samples through a
0.2 µm Nylon filter (Rainin, Emeryville, CA). The filtered sam-
ple was then dried to completeness and redissolved in a known
volume of HPLC-grade n-hexane/2-propanol (3:2, vol/vol)
for PL separation and in n-hexane/2-propanol/acetic acid
(98.7:1.2:0.1, by vol) for neutral lipid separation.

PL mass determination. The PL were separated by HPLC
using a gradient of n-hexane/2-propanol (3:2 vol/vol) and n-
hexane/2-propanol/water (56.7:37.8:5.5, by vol) as previously
described (27,28). This method gives baseline resolution of all
the major classes of PL. The eluant absorbance was monitored
at 205 nm. Individual PL mass was determined by assay of
lipid phosphorus (29).

Chol mass determination. The neutral lipid-containing frac-
tion was collected during the PL separation described above.
The neutral lipids were separated using a binary solvent
system consisting of n-hexane/2-propanol/acetic acid (98.7:
1.2:0.1, by vol) and n-hexane (30,31). The eluant absorbance
was monitored at 205 nm. Chol concentration was determined
based on a Chol (Nu-Chek-Prep, Elysian, MN) standard curve.

FFA analysis. FFA fraction from the neutral lipid separation
described above was subjected to acid-catalyzed esterification
(32), and FFA were analyzed by GLC.

TG mass determination. PL and neutral lipids were sepa-
rated by liquid column chromatography, using activated silicic
acid (Clarkson Chemical Company, Inc., Williamsport, PA) as
the stationary phase (33). Neutral lipids were eluted with 10
vol of chloroform/methanol (58:1 vol/vol), and PL were eluted
with 10 vol of methanol. The collected neutral lipid fraction
was separated by HPLC as described above. The eluent was
monitored by a light-scattering detector, and TG mass was de-
termined by using a standard curve from commercially pur-

chased standards (Nu-Chek-Prep). TG mass was converted
from grams to moles using the M.W. for tristearoylglycerol. 

Total PL FA composition. The PL fraction was collected
after liquid column chromatography as described above. PL
were subjected to base-catalyzed transesterification (34) and
analyzed by GLC. 

HPLC. The HPLC system consisted of a Selectosil column
(5 µm, 4.6 × 250 mm; Phenomenex, Torrance, CA), a Beck-
man 126 pump (Fullerton, CA), and a Beckman 166 UV/Vis
detector or ELSD (model 301; ESA Inc., Chelmsford, MA).

GLC. The gas–liquid chromatograph (model 14A; Shi-
madzu, Kyoto, Japan) was equipped with a capillary column
(SP 2330; 30 m × 0.32 mm i.d.; Supelco, Bellefonte, PA) and
an FID. FA were quantified using a standard curve from com-
mercially purchased standards (Nu-Chek-Prep), and 17:0 was
the internal standard. 

Protein assay. Proteins were measured using a modified
dye-binding assay (35). The dried protein residue from the lipid
extract was digested overnight in 0.2 M KOH at 65°C. After
digestion, aliquots were used to measure the protein concentra-
tion by converting absorbance to concentration using BSA as a
standard.

Statistics. Statistical analysis was done using a one-way
ANOVA combined with a Tukey–Kramer post hoc test using
Instat II (Graphpad, San Diego, CA). Statistical significance
was defined as <0.05.

RESULTS

The total PL mass of brain, heart, liver, kidney, and muscle of
wild-type males, and Gyk-deficient hemizygous males are pre-
sented in Table 1. In brain, kidney, and muscle of affected
males, the total PL mass was elevated 1.3-fold in each tissue.
In contrast, the PL mass was decreased 24% in heart tissue of
Gyk-deficient males, whereas liver tissue PL mass was not sta-
tistically different between groups.

The changes in Chol mass in brain, heart, liver, kidney, and
muscle tissues of Gyk-deficient animals are presented in
Table 1. Similar to total PL mass, the Chol mass was in-
creased 1.5-fold in brain and 1.6-fold in muscle of affected
males. Chol mass was not significantly changed in heart,
liver, and kidney between groups. Despite dramatic changes
in total PL in brain, heart, muscle, and kidney and in Chol in
brain and muscle, the Chol/PL ratio was not affected in Gyk-
deficient mice (Table 1).

We have previously shown that Gyk-deficient mice exhibit
an 80-fold increase in plasma glycerol (23). High plasma glyc-
erol is excreted in the urine, which leads to osmotic diuresis,
salt loss, and dehydration (36). To test the hypothesis that the
changes in PL concentration in some tissues are the result of
tissue dehydration, we measured protein mass in the tissues.
There were no statistically significant differences between
groups in protein mass per gram of wet tissue (data not shown). 

The individual PL class mass was determined for each tis-
sue (Table 2). All Gyk-deficient tissues with elevated total PL
mass, i.e., brain, kidney, muscle, are characterized by an
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elevation in individual PL masses; and in the heart, the de-
crease of total PL mass paralleled the decrease in individual
PL masses (Table 2).  

In brains of affected males, EtnGpl, PtdSer, and ChoGpl
masses were elevated 1.3-, 1.4-, and 1.2-fold, respectively
(Table 2), but PL composition was not different between
groups (data not shown).

In muscles of affected males, EtnGpl and ChoGpl masses also
were elevated 1.3- and 1.4-fold, respectively (Table 2), but PL
composition was not different between groups (data not shown).

In kidney samples of Gyk-deficient males, PtdSer mass was
elevated 1.5-fold (Table 2), and PL composition was not differ-
ent between groups (data not shown).

In contrast to other tissues examined, heart EtnGpl, PtdSer,
and phosphatidylinositol (PtdIns) masses were decreased 23,
43, and 26%, respectively, in affected males (Table 2). The
mole composition of PL also was altered, with PtdIns de-
creased by 23%, as compared with wild-type animals (data not
shown).

In liver, there were no differences in individual PL mass or
distribution (Table 2 and data not shown). 

In culture systems, Gyk deficiency decreases glycerol in-
corporation into TG (24). Also, the plasma FFA mass is in-
creased threefold in Gyk-deficient mice (23). To determine
the effect of Gyk deficiency on the tissue neutral lipid mass,
TG and FFA masses were determined for brain (tissue with
elevated PL mass), liver (tissue with unaffected PL), and
heart (tissue with decreased PL mass) (Table 3). The changes
in TG mass were consistent with those observed for PL. In
brain, TG mass was increased 1.4-fold, in liver TG mass was
unaffected, and in heart TG mass was decreased 84%. FFA
mass in heart was also decreased 56% (Table 3), consistent
with PL mass decreases in hearts of affected males.

The potential that Gyk deficiency could alter the FA com-
position of total brain and liver PL was also determined. No
changes in brain and liver PL FA composition were found be-
tween groups (Table 4), indicating that there were no prefer-
ences in the FA entering PL.
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TABLE 1
Total Phospholipid (PL) and Cholesterol Mass, and Cholesterol/Total PL Ratio
in Gyk-Deficient Micea

Cholesterol Total PL
µmol/g ww µmol/g ww Cholesterol/total PL

Brain +/o 12.4 ± 2.5 (4) 20.1 ± 1.9 (4) 0.62 ± 0.15 (4)
–/o 16.2 ± 1.9* (4) 25.3 ± 1.4* (4) 0.62 ± 0.04 (4)

Heart +/o 5.0 ± 0.9 (4) 14.4 ± 0.6 (4) 0.34 ± 0.06 (4)
–/o 4.7 ± 0.9 (5) 10.9 ± 1.9* (5) 0.44 ± 0.11 (5)

Liver +/o 6.0 ± 0.9 (3) 19.0 ± 2.8 (3) 0.32 ± 0.05 (3)
–/o 6.3 ± 0.4 (4) 21.6 ± 3.1 (4) 0.30 ± 0.05 (4)

Kidney +/o 11.1 ± 1.5 (4) 11.5 ± 2.0 (4) 0.99 ± 0.23 (4)
–/o 10.4 ± 2.8 (4) 14.3 ± 0.6* (4) 0.72 ± 0.22 (4)

Muscle +/o 3.0 ± 0.9 (4) 9.6 ± 0.9 (4) 0.31 ± 0.09 (4)
–/o 4.8 ± 0.9* (4) 12.8 ± 1.5* (4) 0.38 ± 0.10 (4)

aValues are expressed as means ± SD. The numbers in parentheses indicate the number of samples
tested. *P < 0.05. Gyk, glycerol kinase; ww, wet weight; +/o, tissues from wild-type male mice; −/o,
tissues from knockout male mice. 

TABLE 2
Individual PL Massesa in Tissues from Gyk-Deficient Mice

Brain, µmol/g ww Heart, µmol/g ww Liver, µmol/g ww Kidney, µmol/g ww Muscle, µmol/g ww

+/o –/o +/o –/o +/o –/o +/o –/o +/o –/o

EtnGpl 5.5 ± 1.2 7.3 ± 0.5* 4.3 ± 0.1 3.3 ± 0.4* 5.2 ± 0.7 6.0 ± 1.1 2.8 ± 0.6 3.4 ± 0.4 2.3 ± 0.4 3.0 ± 0.6*
LysoPtdEtn 0.4 ± 0.4 0.2 ± 0.0 0.2 ± 0.3 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.5 ± 0.1
PtdIns 0.8 ± 0.4 0.9 ± 0.1 0.8 ± 0.1 0.5 ± 0.1* 1.3 ± 0.3 1.6 ± 0.3 0.8 ± 0.2 0.9 ± 0.2 0.6 ± 0.1 0.8 ± 0.2
PtdSer 2.0 ± 0.5 2.8 ± 0.3* 0.7 ± 0.1 0.5 ± 0.1* 0.9 ± 0.1 1.0 ± 0.2 0.9 ± 0.2 1.3 ± 0.3* 0.7 ± 0.2 1.0 ± 0.2
ChoGpl 10.4 ± 0.7 12.7 ± 0.4* 6.9 ± 0.4 5.5 ± 1.3 10.4 ± 1.8 11.6 ± 2.0 5.3 ± 1.1 6.3 ± 0.7 4.6 ± 0.7 6.3 ± 0.7*
CerPCho 0.6 ± 0.3 0.8 ± 0.2 1.1 ± 0.2 0.8 ± 0.2 0.9 ± 0.04 0.9 ± 0.3 1.2 ± 0.1 1.5 ± 0.3 0.7 ± 0.2 0.8 ± 0.1
LysoPtdCho 0.4 ± 0.2 0.6 ± 0.4 0.4 ± 0.2 0.3 ± 0.1 0.2 ± 0.0 0.4 ± 0.2 0.4 ± 0.1 0.5 ± 0.1 0.5 ± 0.3 0.4 ± 0.1
nb 4 4 4 5 3 4 4 4 4 4
aValues are expressed as means ± SD. *P < 0.05.
bn, number of samples tested; EtnGpl, ethanolamine glycerophospholipids; lysoPtdEtn, lysophosphatidylethanolamine; PtdIns, phosphatidylinositol; PtdSer,
phosphatidylserine; ChoGpl, choline glycerophospholipid; CerPCho, sphingomyelin; lysoPtdCho, lysophosphatidylcholine; for other abbreviations see Table 1.



DISCUSSION

Glycerol has a significant role in lipid biosynthesis, but this role
is not limited to tissues with the highest Gyk activity (kidney
and liver); it is also important in muscle (7), in brain (9,37), and
to a lesser extent in heart (37,38). Gyk catalyzes the initial re-
action of glycerol utilization by tissues, making it an important
participant in lipid synthesis. For instance, in fibroblasts from
humans with Gyk deficiency, the targeting of glycerol for use
in PL and TG biosynthesis is decreased 98%, but the utiliza-
tion of glucose for PL and TG biosynthesis is not affected (24).
In Gyk-deficient mice, the esterification of glycerol is also dis-
rupted, as demonstrated by an observed 80-fold hyperglyc-
erolemia and a 3-fold elevation of plasma FFA (23). Collec-
tively, these results suggest that Gyk deficiency could lead to
decreased tissue PL mass. To address this question, we deter-
mined tissue lipid mass from Gyk-deficient mice to provide
greater insight into the role of Gyk in lipid biosynthesis.

In contrast to the putative role for Gyk in PL biosynthesis,
the mass of total PL and the mass of some individual PL were
increased in brain, kidney, and muscle from affected males (Ta-
bles 1 and 2) or else were unaffected, as in liver (Tables 1 and

2). The changes in TG mass in brain, liver, and heart were con-
sistent with those observed for PL. Several explanations may
account for the observed increase in PL mass in kidney and
muscle, and in PL and TG in brain of Gyk-deficient mice. 

In Gyk-deficient mice, it would be reasonable that the lack
of Gro-3-P production from free glycerol is compensated for
by alternative mechanisms of Gro-3-P formation and lipid syn-
thesis in kidney, muscle, brain, liver, and, to a lesser extent, in
heart. Several compensatory mechanisms are possible. Gro-3-
P production may be maintained from glucose via glycolysis,
or from pyruvate (lactate) and from glycogenic amino acids via
glyconeogenesis, also referred to as glyceroneogenesis (1).
These routes lead to increased dihydroxyacetone phosphate
production. Dihydroxyacetone phosphate can be directly acy-
lated, reduced, and then used for glycerolipid or TG formation
or reduced to Gro-3-P and then used for lipid synthesis (39). 

The glyceroneogenesis pathway has an important role in the
liver and muscle and possibly in other organs. It contributes up
to 65% of the glycerolipids secreted by liver (1) and from 52
(fed animals) to 70% (fasted animals) of Gro-3-P used for lipid
synthesis in muscle (40). It is noteworthy that in soleus muscle,
which has a low rate of glucose utilization, the contribution of
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TABLE 3
Individual TG and FFA Mass in Tissues from Gyk-Deficient Micea

TG, µmol/g ww FFA, nmol/g ww

+/o –/o +/o –/o

Brain 0.3 ± 0.0 (5) 0.4 ± 0.1* (5) 32 ± 5 (3) 47 ± 17 (3)
Heart 2.2 ± 0.2 (3) 0.4 ± 0.1* (3) 216 ± 23 (3) 96 ± 21* (3)
Liver 33.7 ± 12.0 (4) 15.1 ± 14.7 (4) 183 ± 63 (3) 243 ± 43 (3)
Kidney 204 ± 16 (3) 201 ± 78 (3)
Muscle 53 ± 34 (3) 46 ± 6 (3)
aValues are expressed as means ± SD. The numbers in parentheses indicate the number of samples
tested. *P < 0.05. For abbreviations see Table 1.

TABLE 4
PL and FA Composition in Brain and Livera from Gyk-Deficient Mice

Brain, mol% Liver, mol%
+/o –/o +/o –/o

16:0 34.5 ± 0.6 34.2 ± 0.5 24.2 ± 2.1 23.8 ± 2.0
16:1 2.6 ± 0.4 2.5 ± 0.3 0.8 ± 0.3 0.6 ± 0.2
18:0 16.7 ± 0.3 17.0 ± 0.2 18.5 ± 2.1 16.2 ± 2.9
18:1n-9/n-11 15.2 ± 0.4 15.0 ± 0.8 7.5 ± 0.8 6.8 ± 1.8
18:1n-7 3.3 ± 0.2 3.3 ± 0.4 1.1 ± 0.4 0.9 ± 0.5
18:2n-6 0.8 ± 0.2 1.0 ± 0.3 11.7 ± 1.9 14.3 ± 3.7
18:3n-3 0.1 ± 0.1 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0
20:1n-9 0.3 ± 0.0 0.3 ± 0.1 0.0 ± 0.0 0.0 ± 0.0
20:2n-6 0.0 ± 0.1 0.1 ± 0.1 0.4 ± 0.2 0.4 ± 0.1
20:3n-6 0.3 ± 0.2 0.2 ± 0.2 1.1 ± 0.4 1.2 ± 0.1
20:4n-6 10.2 ± 0.4 10.4 ± 0.6 14.3 ± 1.3 14.6 ± 1.9
22:2n-6 0.0 ± 0.1 0.0 ± 0.0 0.8 ± 0.2 0.8 ± 0.5
22:4n-6 2.2 ± 0.2 2.1 ± 0.1 0.5 ± 0.1 0.5 ± 0.1
22:5n-6 0.1 ± 0.1 0.3 ± 0.3 0.2 ± 0.2 0.3 ± 0.3
22:5n-3 0.0 ± 0.0 0.2 ± 0.2 0.8 ± 0.3 1.2 ± 0.5
22:6n-3 13.5 ± 0.4 13.5 ± 0.2 17.9 ± 1.9 18.1 ± 1.6
n 3 5 4 4
aValues are expressed as means ± SD. *P < 0.05. For abbreviations see Tables 1 and 2.



glucose to Gro-3-P formation is significantly lower than in
quadriceps, which has a higher rate of glucose utilization (40).
This suggests that tissues with a low rate of glucose utilization
may have a lower capability of maintaining Gro-3-P produc-
tion through the use of glucose. This observation could explain,
at least in part, the decrease of PL and TG in the heart of Gyk-
deficient mice. As the glycolytic flux, measured as pyruvate
production, in heart (20 µmol × min−1 × g−1 tissue) is 4- to 14-
fold lower than in muscle (41), brain (42,43), and kidney (44),
the requirements for heart Gro-3-P may not be well compen-
sated for by the use of glucose in Gyk-deficient mice, whereas
in brain, kidney, and muscle such a compensation is a reason-
able expectation. 

If it is true that the lack of Gro-3-P production from glyc-
erol is compensated for by glucose utilization under Gyk-defi-
cient conditions, then the rate of glucose utilization, and possi-
bly production, should be increased in Gyk-deficient tissues. In
humans, the Gyk deficiency may be accompanied by hypo-
glycemia (18), perhaps reflecting the increased use of plasma
glucose. Hypoglycemia is also observed in mice deficient in
dihydroxyacetone-phosphate dehydrogenases (36). In Gyk-
deficient mice, the glucose concentration did not differ signifi-
cantly from the control values (23); however, the amount of
corticosterone was increased threefold and the activity of the
gluconeogenic enzyme phosphoenolpyruvate carboxykinase
was increased 2.7-fold (23). This simultaneous increase in glu-
cose production by tissues stimulated by corticosterone pro-
vides a potential source of glucose or its precursors for Gro-3-
P synthesis.

Alternatively, lipid synthesis in Gyk-deficient conditions
could use glycerol that is directly acylated (45). The direct acyl-
ation of glycerol occurs when Gyk is inhibited or at high glyc-
erol concentrations (2 mM) (45). We speculate that this non-
physiological pathway is less regulated and, under conditions
of excess substrate availability, leads to increased PL and TG
synthesis in brain, kidney, and muscle. 

However, in liver the PL and TG masses were unaffected
and in heart they were decreased (Tables 1–3). These results
support the contention that osmotic diuresis does not account
for the increase in PL mass. This observation may reflect lim-
ited glycerol availability for heart tissue. Because the acylation
of glycerol is regulated by its tissue availability (45), the direct
acylation pathway for PL synthesis may not be compensated
for in tissues with limited capability to transport glycerol
through the plasma membrane. The movement of alcohols
across cell membranes is regulated by aquaporin/aquaglycero-
porin channels (2,8). Some aquaglyceroporin channels, such as
the glycerol intrinsic protein, are widely expressed in different
mammalian tissues, including muscle, kidney, and brain, but
not in heart and liver (46). Heart and liver express abundant
aquaporin channels (AQP8), which are not permeable to glyc-
erol (46); however, liver expresses the specific aquaglycero-
porin channel AQP9 (37). The lack of glycerol-permeable
channels in heart may limit glycerol flux, thereby decreasing
the capability of heart to use glycerol for lipid synthesis via di-
rect acylation. As heart TG are an important reserve of the tis-

sue FFA used for energy supply (47–49), the dramatic 84% de-
crease in heart TG could significantly alter heart energy metab-
olism. This assumption is consistent with 56% decrease in FFA
mass observed in heart of affected males (Table 3).

The activation of direct acylation could explain, in part, the
observed increase of the main glycerophospholipid species,
i.e., ChoGpl, EtnGpl, and PtdSer, in brain and muscle, and
PtdSer in kidney, whereas PtdIns was not affected in Gyk-defi-
cient mice (Table 2). The Kennedy pathway for ChoGpl,
EtnGpl, and PtdSer synthesis requires DAG (50–52), which
can be easily synthesized via a direct acylation pathway. In
contrast, PtdIns synthesis requires PA as a direct precursor (53),
the formation of which from glycerol would be limited in Gyk-
deficient tissues.

In Gyk-deficient mouse tissues, the Chol mass was altered
in parallel with PL mass (Table 1). As a result, the Chol/PL
ratio was not disturbed. This is of great importance, as alter-
ations in the Chol/PL ratio could lead to significant changes in
membrane biophysical properties and lead to various cellular
dysfunctions (54–56). Thus, changes in the Chol level in Gyk-
deficient tissues could act as a protective mechanism against
PL alterations, similar to what is observed in other pathophysi-
ological conditions (57).

In summary, three groups of tissues could be selected ac-
cording to their response to Gyk deficiency conditions: tissues
with increased total PL mass (brain, muscle, and kidney); de-
creased total PL mass (heart); or unaffected total PL mass
(liver). In parallel with PL alterations, Chol was also changed,
maintaining a normal Chol/PL ratio. Tissues with elevated total
PL mass (brain, kidney, muscle) were characterized by an in-
creased mass of some individual glycerophospholipids
(EtnGpl, ChoGpl, PtdSer). Other glycerophospholipid species,
including PtdIns, were not affected in these tissues. Under con-
ditions of Gyk deficiency, we speculate that production of Gro-
3-P and lipid is maintained via alternative biosynthesis, includ-
ing glycolysis and glyceroneogenesis, or by direct acylation of
glycerol in brain, muscle, kidney, and liver, but not in heart.
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ABSTRACT: Hepatic metabolism of vaccenic acid (VA), espe-
cially its conversion into CLA, was studied in the bovine (rumi-
nant species that synthesizes CLA) and in the rat (model for non-
ruminant) by using the in vitro technique of liver explants. Liver
tissue samples were collected from fed animals (5 male Wistar
rats and 5 Charolais steers) and incubated at 37°C for 17 h under
an atmosphere of 95% O2/5% CO2 in medium supplemented
with 0.75 mM of FA mixture and with 55 µM [1-14C]VA. VA up-
take was about sixfold lower in bovine than in rat liver slices (P <
0.01). For both species, VA that was oxidized to partial oxidation
products represented about 20% of VA incorporated by cells. The
chemical structure of VA was not modified in bovine liver cells,
whereas in rat liver cells, 3.2% of VA was converted into 16:0
and only 0.33% into CLA. The extent of esterification of VA was
similar for both animal species (70–80% of incorporated VA). Se-
cretion of VA as part of VLDL particles was very low and similar
in rat and bovine liver (around 0.07% of incorporated VA). In
conclusion, characteristics of the hepatic metabolism of VA were
similar for rat and bovine animals, the liver not being involved in
tissue VA conversion into CLA in spite of its high capacity for FA
desaturation especially in the rat. This indicates that endogenous
synthesis of CLA should take place exclusively in peripheral tis-
sues. 

Paper no. L9672 in Lipids 40, 295–301 (March 2005).

Trans FA (TFA) are mainly found in ruminant fats (dairy prod-
ucts, bovine and lamb meat) as a result of the hydrogenation
and trans isomerization chain reaction of dietary PUFA by
rumen bacteria. They are also found in shortenings and table
spreads, produced by industrial catalytic hydrogenation of veg-
etable oils. Trans positional isomers in fats originating from in-
dustrial hydrogenation, where a mixture of isomers is found,
differ somewhat from those in fats derived from ruminant fer-
mentation, which result in a predominance of vaccenic acid
(VA, 18:1 trans11) (1). Evidence suggests potentially adverse
effects of TFA on the risk of coronary heart disease (2,3). How-
ever, VA is also a precursor of CLA, which is believed to pos-
sess important beneficial properties for human health, as sug-
gested from experiments using different animal models (4).
Conversion by desaturation of VA to CLA takes place in tis-
sues of ruminants where the ∆9-desaturase enzyme (EC

1.14.99.5) is expressed, i.e., mammary gland in the lactating
ruminant and adipose tissue in the growing ruminant (5,6).
Moreover, endogenous synthesis of CLA from VA, based on
the increase of CLA concentration in either serum, adipose tis-
sue, or milk observed with diets supplemented with VA, also
has been shown in mice (7,8), rats (9,10), pigs (11), and hu-
mans (12–14).

In considering suggested properties of VA, which may be
either deleterious (risks of coronary heart disease) or beneficial
(precursor of CLA), it is important to determine with precision
the metabolic fate of VA in the ruminant (as a species that pro-
duces CLA) and the rat (as an animal model of nonruminant
species). Among the different tissues and organs that are in-
volved in FA metabolism, the liver appears to play a central
role in lipid metabolism (15). Indeed, once in the liver, FA can
be either extensively or partially oxidized in mitochondria to
produce energy and generate CO2 and ketone bodies, or esteri-
fied into triacylglycerols (TG), phospholipids (PL), and choles-
terol esters in the cytoplasm. The alternative fate of TG in the
liver is their exportation in the blood circulation as part of par-
ticles of VLDL (15,16). Previous studies using the in vitro
method of incubated liver slices have demonstrated that hepatic
FA metabolism varies with either the nature of FA (17,18) or
the animal species (19). No data are available on hepatic me-
tabolism of TFA except for a study by Guzman et al. (20), who
have shown that elaidic acid is preferentially oxidized in rat he-
patocytes, whereas oleic acid is preferentially esterified, indi-
cating that double bond configuration of FA may also affect the
metabolic fate of FA.

In this context, the aim of our study was to compare, by using
the in vitro method of incubated liver slices, characteristics of
hepatic metabolism of VA in the bovine with that of the rat. For
this purpose, we determined the relative intensity of the differ-
ent successive pathways of the hepatic VA metabolism, i.e., up-
take, oxidation, bioconversion, and esterification, and finally
its secretion as part of VLDL particles.

EXPERIMENTAL PROCEDURES

Chemicals and materials. The medium for incubation of liver
slices (RPMI-1640), BSA free of FA, glutamine (300 mg/L),
FA, and an antibiotic-antimycotic cocktail (penicillin, 100
U/mL; streptomycin, 0.1 mg/mL; amphoterine B 0.25 µg/mL)
were purchased from Sigma Chemical (St. Louis, MO). Tri
[9,10 3H]olein (185 MBq/mL) and 1,2 dipalmitoyl L-3-phos-
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phatidyl[N-methyl-3H]choline (37 MBq/mL) were purchased
from Amersham International (Bucks, United Kingdom). [1-
14C]VA (1.97 GBq/mmol) was graciously provided by the
Atomic Energy Centre (Saclay, Gif/Yvette, France). Hyamine
hydroxide was purchased from ICN Biochemicals (Irvine,
CA). Perchloric acid and organic solvents (chloroform,
methanol, propanol, diethyl ether, acetic acid) were purchased
from Polylabo (Paris, France). Ready Safe® scintillation cock-
tail was purchased from Beckman Instruments (Fullerton, CA).
Plastic Petri dishes for organ culture were purchased from
Beckton Dickinson (Cockeysville, MD). Plastic center wells
were purchased from Kontes (Vineland, NJ) and aminopropyl-
activated silica Sep-Pak® cartridges were purchased from Wa-
ters (Milford, MA).

Tissue preparation and liver slice incubation. All experi-
ments were conducted in a manner compatible with national
legislation on animal care (Certificate of Authorisation to Ex-
periment on Living Animal no. 7740, Ministry of Agriculture
and Fish Products, Paris, France). Five male Wistar rats (age
16 ± 1 wk) were fed ad libitum a standard chow diet and al-
lowed free access to water. In the same way, five Charolais
steers (age 25 ± 1 mon; live weight 713 ± 39 kg) were fed a
conventional diet (hay and cereal concentrate, 45 and 55% dry
matter, respectively). Liver tissue samples were taken from rats
under general anesthesia (diethyl ether) and from steers just
after slaughtering. Then liver samples were quickly rinsed of
blood in an ice-cold saline solution (NaCl, 9 g/L), connective
tissue was trimmed, and liver samples were cut into 0.5-mm
slices. Approximately 200-mg portions of fresh liver were
placed on stainless grids positioned either on a plastic organ
culture Petri dish (for quantification of FA bioconversion, es-
terification, and secretion) or in a 25-mL flask equipped with
suspended plastic wells (for measurement of specific CO2 pro-
duction) in the presence of RPMI-1640 medium (0.9 mL per
dish and 1.4 mL per flask) supplemented with the antibiotic-
antimycotic cocktail. Liver samples were placed under a water-
saturated atmosphere (95% O2 and 5% CO2) for 3 h at 37°C to
deplete hepatic cells with intracellular FA. The medium was
then replaced with similar fresh medium containing a mixture
of FA (21) representative in composition and concentration of
bovine plasma nonesterified FA [0.75 mM final concentration,
which consisted of caprylic acid (16 µM), capric acid (16 µM),
myristic acid (58 µM), palmitic acid (200 µM), stearic acid
(220 µM), oleic acid (213 µM), and linoleic acid (26 µM)] in
addition to [1-14C]VA (55 µM) complexed with BSA (FA/al-
bumin molar ratio 4:1). Kinetic experiments have been per-
formed to verify the correct viability of liver slices until 24 h
(17). Consequently, liver slice incubations were stopped after
17 h of labeling: Briefly, media (2.5 mL) were collected and
liver slices were washed with 2 mL of buffered solution (KCl,
0.4 g/L; Na2HPO4, 0.60 g/L; NaH2PO4, 0.2 g/L; pH 7.4; and
D-glucose 2 g/L) before their homogenization with a Dounce
homogenizer in 2 mL of 0.25 mM Tris-HCl (pH 8.0) and 50
mM NaCl (pH 8.0).

Determination of FA oxidation. CO2 excreted in the atmos-
phere by liver cells was complexed with hyamine hydroxide

(500 µL) placed into suspended plastic center wells inside
flasks at the beginning of the incubation as described earlier
(19). After 17 h of incubation, wells were introduced into scin-
tillation vials containing 4 mL of Ready Safe scintillation cock-
tail for radioactivity quantification. The production of ketone
bodies was estimated according to the method of Graulet et al.
(19). Briefly, cell homogenates (250 µL) and media (500 µL)
were treated for 20 min at 4°C with ice-cold perchloric acid
(0.2 mM final). After centrifugation for 20 min at 4°C at 1,850
× g, an aliquot of supernatant containing the acid-soluble prod-
ucts (ASP) (mainly ketone bodies) was introduced into a scin-
tillation vial and the radioactivity was counted. 

Determination of FA bioconversion. Total liver lipids were
extracted according to the method of Folch et al. (22), and their
corresponding FA were liberated and methylated by trans-
methylation at room temperature according to the method of
Christie et al. (23). FAME containing [14C]FAME were ana-
lyzed by GLC using an HP 5890 series II gas chromatograph
(Hewlett-Packard, Palo Alto, CA), equipped with a splitless in-
jector and a fused Stabilwax wide-bore silica column (60 m ×
0.53 mm i.d.; 0.50 µm film thickness; Restek, Evry, France).
The outflow from the column was split between an FID (10%)
and a copper oxide oven heated at 700°C to transform the
[14C]FA into 14CO2 (90%). Radioactivity was quantified with a
radiodetector (GC-RAM) (Lablogic, Sheffield, United King-
dom) by counting 14CO2 after its mixing with a 9:1 ratio of
argon/methane, as previously described (24). Data were com-
puted using Laura software (Lablogic).

Determination of FA esterification into neutral and polar
lipids. Total liver lipids were extracted according to the method
of Folch et al. (22) after addition of a standard (nonradioactive)
liver homogenate (850 µL containing approximately 10 mg of
lipids) as a lipid carrier and of [3H]trioleylglycerol (67 Bq) and
[3H]PC (100 Bq) as internal TG and PL standards (19). Neu-
tral and polar lipids were separated by affinity-LC with amino-
propyl-activated silica Sep-Pak® cartridge according to
Kaluzny et al. (25). They were directly collected into scintilla-
tion vials, evaporated to dryness under an air stream, and
counted for radioactivity.

Hepatic secretion of VLDL. Newly secreted [14C]VLDL
were purified by ultracentrifugation according to Graulet et al.
(19). Hence, the medium (3 mL) previously supplemented with
purified plasma bovine VLDL (0.3 mg of VLDL-TG per 12-
mL tube) as a carrier for VLDL during ultracentrifugation was
adjusted to the density of 1.063 g/L with potassium bromide
and overlaid with 9 mL of saline solution. VLDL particles were
isolated by ultracentrifugal flotation at 100,000 × g for 16 h at
15°C in a Kontron Centrikon T-2060 ultracentrifuge equipped
with a TST 41-14 rotor (Kontron, Zürich, Switzerland). Two
milliliters was collected at the top of each tube and recen-
trifuged under the same conditions, except that pure albumin
(50 mg/tube) was added to remove traces of free [14C]FA ad-
sorbed onto VLDL particles. Finally, purified VLDL (2.5 mL)
were counted for radioactivity in scintillation vials.

Statistical analysis. Values are expressed as means ± SEM
for the five independent experiments per each animal species.
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Comparison of means between animal species was tested by
using the Student’s t-test for unpaired data.

RESULTS

VA uptake. The amount of VA taken up by the hepatocytes of
rat and bovine animals (expressed in nmol per g fresh tissue)
corresponded to the sum of FA incorporated into the hepatic
lipids (neutral and polar lipids) plus FA oxidized into ASP in
the homogenate plus FA oxidized to CO2 and subsequently ex-
creted to the atmosphere. After 17 h of incubation, hepatic up-
take of VA by bovine hepatocytes was 17.8% of that by rat he-
patocytes (15.2 vs. 85.5 nmol/g of fresh liver, P < 0.001) (Fig.
1A). A similar result was observed when the intensity of VA
uptake was expressed as the percentage of radioactivity intro-
duced in the incubation medium (Fig. 1B). 

VA oxidation. The extent of β-oxidation, calculated as the
ratio of total oxidation products (sum of ASP and CO2) to total
incorporated VA in hepatocytes, was similar in bovine and in
rat liver slices (Table 1). It corresponded to about 28 and 19%
of VA incorporated by cells for bovine and rat hepatocytes, re-
spectively. Oxidation of VA led for the most part to the produc-
tion of ASP (>90% total oxidized VA) in both species. This
partial oxidation, expressed as the percentage of oxidized VA,
constituted a greater portion of that oxidized in the bovine than
in the rat hepatocytes (+8.5%, P < 0.01). In the same way, in
spite of the slow rate of VA total oxidation (determined as the
amount of [14C]CO2 excreted) in both species (<10% total oxi-
dized VA), total oxidation of VA into CO2 in the bovine liver,
expressed as a percentage of oxidized VA, was one-fifth that of
rat liver (P < 0.01) (Table 1).

Bioconversion of VA. Total lipids were extracted from liver
homogenates after 17 h of incubation. Their FA composition

was determined by GLC analysis and their relative radioactiv-
ity quantified by a radiodetector. In our experimental condi-
tions, VA was not converted by desaturation into higher unsat-
urated FA or CLA isomers by bovine hepatocytes (Fig. 2A). In
contrast, in rat hepatocytes (Fig. 2B), a low quantity of VA was
converted into CLA 9cis,11trans (0.33 ± 0.19% of total VA).
Moreover, radioactivity was also recovered in 16:0 but at a
higher extent (3.2 ± 2% of total incorporated radioactivity).
These new labeled FA were identified according to the similar-
ity of their respective retention times with those of correspond-
ing standards.

VA esterification. The extent of VA esterification (expressed
as a percentage of FA converted into neutral and polar lipids
out of total VA incorporated into cells), which was similar for
the two species, corresponded to about 72 and 81% of VA in-
corporated by bovine and rat hepatocytes, respectively (Table
2). VA was preferentially esterified into polar lipids by the
bovine liver (56.5% of esterified VA, P < 0.05) and, conversely,
into neutral lipids by the rat liver (61.1% of esterified VA, P <
0.05). 

VA secretion as part of VLDL particles. The extent of VA se-
cretion as part of VLDL particles by the liver slices for 17 h (Fig.
3A) was very low for both species. This secretion by bovine liver
was less than 20% (P < 0.02) that of rat liver (0.012 vs. 0.066
nmol of secreted VA/g fresh tissue, respectively). However,
when expressed as the percentage of VA taken up by the hepatic
cells, VA secreted as part of VLDL particles was not significantly
different between the two animal species (Fig. 3B) (0.067 and
0.085% for bovine and rat liver, respectively). 

DISCUSSION

The specific metabolism of VA, especially how it is channeled
toward the esterification, oxidation, or bioconversion pathways
in tissues or organs (more precisely, in the liver), is not docu-
mented in spite of the importance of VA availability to periph-
eral tissues, especially as a precursor of CLA. Moreover, the
liver might be directly implicated in the synthesis of CLA from
VA due to its high desaturase activity. In this context, our study
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FIG. 1. Uptake of vaccenic acid (VA) by bovine and rat liver slices. Liver
slices from bovine and rat were incubated in medium containing a mix-
ture of FA (0.75 mM) and 55 µM [1-14C]VA for 17 h. Uptake of VA by
liver slices was calculated as the sum of VA converted into CO2 and
into acid-soluble products, and incorporated into total cellular lipids
after 17 h of incubation. Values are expressed per g of fresh liver (A) or
as the percentage of VA introduced in culture medium (B). TVA, trans-
vaccenic acid. Data are means ± SE of 5 animals per group. a,bMean
values with unlike superscript letters were significantly different using
Student’s t-test (P < 0.01).

TABLE 1
Oxidation of Vaccenic Acid (VA) into Acid-Soluble Products
(ASP) and CO2 in Rat and Bovine Liver Slicesa

Bovineb Ratb

Extent of VA oxidation
(% of VA incorporated by cells) 28.03 ± 3.09 19.06 ± 4.18

Production of acid-soluble products
(% of oxidized VA equivalents) 98.12 ± 0.53 90.38 ± 1.89*

Production of CO2
(% of oxidized VA equivalents) 1.88 ± 0.53 9.62 ± 1.89*

aLiver slices from bovine and rat were incubated for 17 h in a medium con-
taining [1-14C]VA. The extent of oxidation was calculated as the ratio of total
oxidation products (sum of ASP and CO2) to total VA incorporated into liver
explants. ASP produced by liver slices were purified from cell homogenate
and medium by perchloric acid treatment, and secreted CO2 was complexed
into hyamine hydroxide.
bData are means ± SEM of 5 animals per group. The significance of differ-
ences between species was tested by Student’s t-test. *P < 0.01.



is the first that investigates, by using the in vitro method of in-
cubated liver slices, the specificity of VA metabolism in the
liver of the bovine (a species that produces CLA) and the rat
(an animal model for monogastrics).

In our experimental conditions, the lower VA uptake by
liver of the bovine compared with that of the rat confirmed pre-
vious data with oleate in calf and rat liver slices (19). Uptake
of long-chain FA across the plasma membrane is known to in-
volve two mechanisms: a passive diffusion through the mem-
brane bilayer (26) and a protein-facilitated transfer (27). How-
ever, Bojesen and Bojesen (28) have proposed a third mecha-
nism of FA diffusion in protein-defined annular lipid domains
that is not carrier-mediated. These authors showed that binding
and membrane transfer rates of PUFA in sheep red cells were
less than half of those measured for human red cells, probably
because of the difference between species in composition of
membranes. Nevertheless, higher VA uptake by rat liver slices
compared with that of bovine might be attributable to a higher
rate of intracellular FA utilization (oxidation, esterification) in-
creasing cellular needs (26), to more efficient or more numer-
ous FA transporters (27), or to differences in membrane com-
position between rat and bovine hepatocytes.

Once in hepatocytes, VA catabolism was determined by the
production of 14CO2 and 14C-ASP from [1-14C]VA. The use of
[1-14C]VA might be limiting to describe VA catabolism since it
only reflected the initial rate of oxidation contrary to the use of
[U-14C]VA. However, the aim of the present work was not to
describe VA catabolism exhaustively but rather to describe
VA behavior in the liver and its channel toward the different
metabolic pathways. Moreover, Chatzidakis and Otto (29) pre-
viously demonstrated that the use of [1-14C]FA gave data quite
similar to [U-14C]FA, being therefore a good choice for studies

of FA oxidation in cells. The catabolism of FA in the liver is
mostly directed toward the synthesis of ketone bodies for en-
ergy utilization by tissues (30) as shown in the present study in
which products of VA oxidation were dominated by ASP (more
than 90% of total oxidation products). The proportion of VA
oxidized to CO2, although minor, differed between the rat and
the bovine liver, as previously reported by Reid and Husbands
(31), who showed that the rate of oleate oxidation to CO2 was
twofold higher in hepatic mitochondria of rat than in that of
sheep, and by Kleppe et al. (32), who reported that oxidation
of oleate to CO2 was three- to fourfold lower in goat compared
with rat hepatocytes. This difference can be attributed to a
lower capacity of the Krebs cycle relative to that of the β-oxi-
dation pathway in large mammals (such as bovine) than in rats
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FIG. 2. Representative radiochromatograms of [14C]VA bioconversion into other FA in bovine and rat liver slices.
Liver slices from bovine (A) and rat (B) were incubated in medium containing a mixture of FA (0.75 mM) and 55
µM [1-14C]VA for 17 h. Cellular lipids were extracted, transformed into methyl esters, and analyzed by GLC. The
outflow from the column was split between an FID (10%) and a copper oxide oven to transform the labeled FA into
14CO2 (90%). The radioactivity was determined with a radiodetector by counting 14CO2. The proportions of ra-
dioactivity recovered in other FA were calculated as the ratio between the radioactivity corresponding to the
metabolite and the sum of the radioactivity present in peaks of VA plus their corresponding metabolite. For abbrevi-
ation see Figure 1.

TABLE 2
Esterification of VA into Phospholipids and Neutral Lipids in Rat
and Bovine Liver Slicesa

Bovineb Ratb

Extent of VA esterification
(% of VA incorporated by cells) 72.0 ± 3.09 80.9 ± 4.18

Production of phospholipids
(% of esterified VA equivalents) 56.5 ± 6.77 39.0 ± 2.78*

Production of neutral lipids
(% of esterified VA equivalents) 43.5 ± 6.77 61.0 ± 2.78*

aBovine and rat liver slices were incubated for 17 h in a medium containing
[1-14C]VA. Esterification rate was calculated as the ratio of total esterifica-
tion (sum of neutral and polar lipids) to total VA incorporated into liver ex-
plants. Total lipids from homogenate were extracted with chloroform/
methanol (2:1), and the different lipid classes were separated on amino-
propyl-activated silica cartridges. 
bData are means ± SEM of 5 animals per group. The significance of differ-
ences between species was tested by Student’s t-test. *P < 0.05. For abbrevi-
ation see Table 1.
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in relation to a lower energy requirement of the liver in large-
sized than in small-sized animals (33). However, the propor-
tion of VA readily oxidized by bovine and rat liver slices was
similar in both species (around 20%) and was similar to that of
oleate as determined by the same methodology in the prerumi-
nant calf and the rat (18,19). It can be concluded that differ-
ences noted in intensity of VA oxidation between species were
directly linked with differences in VA uptake. However, the
only study in rat describing characteristics of trans FA metabo-
lism in hepatocytes showed that elaidic acid (18:1 ∆9trans) was
oxidized to a greater extent than oleic acid (18:1 ∆9cis) (80 vs.
60% of metabolized FA) (20). Discrepancies between the two
studies could be explained either by differences in the chemi-
cal structure of trans FA (18:1 ∆11trans vs. 18:1 ∆9trans) or,
more probably, by differences in the incubation conditions of
trans FA (elaidic acid was added alone into the medium
whereas VA was added with a mixture of FA similar to bovine
plasma nonesterified FA to simulate in vivo physiological con-
ditions). In the study of Guzman et al. (20), the addition of
elaidic acid alone to the medium might explain its high rate of
oxidation since it represented the only energy source provided
to hepatocytes. 

The lack of VA bioconversion into more desaturated or
elongated derivatives such as CLA in both species was not ex-
pected since several studies had reported an endogenous pro-
duction of cis9,trans11 CLA from VA (5,6,9,10). Synthesis of
CLA from VA is clearly catalyzed by the ∆9-desaturase, as
demonstrated by using different specific stimulators or in-
hibitors of the activity of this enzyme (5,6). In rodents, the ∆9-
desaturase is predominantly located in the liver (34), and Pol-
lard et al. (35) demonstrated that VA was efficiently desatu-
rated in the rat liver microsomes by ∆9-desaturation. In
contrast, in growing and lactating ruminants, ∆9-desaturase is
mainly present in the adipose tissues and the mammary gland,
respectively (36,37) although Ward et al. (37) recently demon-
strated the presence of a significant amount of ∆9-desaturase

transcripts in the liver of ovine. Moreover, Chang et al. (38)
showed that a high-fat diet induced ∆9-desaturase activity in
ruminant liver. The lack of VA bioconversion in the present
study might be explained by the difference between our exper-
imental conditions and those of Pollard et al. (35). Indeed, the
mixed FA added to the medium, and therefore potentially avail-
able for hepatocytes, contained preferred substrates (16:0,
18:0) for the ∆9-desaturase leading to production of oleic and
palmitoleic acids, respectively (39). Moreover, the ex vivo sys-
tem was chosen to preserve the normal architecture of the liver
tissue, to avoid dedifferentiation of hepatocytes, and finally, to
preserve the regulatory effect as under in vivo conditions (40).
It was not the case for the study of Pollard et al. (35) using iso-
lated rat liver microsomal systems of which activities of other
cellular constituents were excluded. Consequently, the rat liver
would have a low capacity to convert VA into CLA, and adi-
pose tissue would be the major site of endogenous synthesis of
CLA, as previously proposed by Santora et al. (8) in mice and
by Bauchart et al. (41) in bovine. 

Surprisingly, a small but nonnegligible part of the 14C VA
was recovered as 14C 16:0 in the rat liver slices (3.2% of incor-
porated VA). It has been demonstrated that trans FA may un-
dergo partial β-oxidation in peroxisomes (20), a process in
which FA are shortened by two carbon atoms per cycle. The
shortened FA may escape from the peroxisomes and be further
metabolized in the mitochondria or incorporated into different
lipid classes. Thus, 16:0 may be produced by peroxisomal β-
oxidation. Further, the 14C-acetate released from peroxisomes
could be reincorporated into 16:0 by de novo synthesis (42).
Similar catabolic processes have already been demonstrated in
the liver of rat in the case of mono-trans isomers of linoleic and
α-linolenic acids (43) and of CLA (44,45), and in the liver of
preruminant calf fed a coconut oil-based milk diet rich in 12:0
and 14:0 (42). 

Differences in the way of esterification of VA and metabo-
lites between rat (into neutral lipids) and bovine (into polar
lipids) have not previously been reported. However, the slight
differences observed between animal species were in agree-
ment with previous data showing a preferential esterification
of oleate into polar lipids in the bovine liver (De La Torre, A.,
Gruffat, D., Chardigny, J.M., Durand, D., and Bauchart, D., un-
published data) and into the neutral lipids in the rat liver (18).

The extent of secretion of VA incorporated into TG as part
of VLDL particles by both bovine and rat liver slices was, in
intensity, rather low in our experimental conditions (less than
0.1% of VA incorporated into cells), which is in agreement with
the fact that newly synthesized TG represented only a small
part (4 to 13%) of lipids secreted by the liver as parts of VLDL
(46). Neosynthesized TG are stored primary in cytosolic
droplets from which they enter into a hydrolysis/esterification
cycle to return to the endoplasmic reticulum for VLDL assem-
bly (47). Therefore, it is not excluded that, in our experimental
conditions, the time of incubation for liver slices would be too
short to allow the return of a significant amount of TG to the
secretion pool. Differences between species of VA secretion in-
tensity probably resulted from differences in VA uptake rather
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FIG. 3. Secretion of VA as part of lipids in VLDL particles by bovine and
rat liver slices. Liver slices from bovine and rat were incubated in
medium containing a mixture of FA (0.75 mM) and 55 µM [1-14C]VA
for 17 h. VLDL were purified by ultracentrifugal flotation. Values were
expressed per g fresh liver (A) or as percentage of VA incorporated into
liver slices (B). Data are means ± SE of 5 animals per group. For abbre-
viation see Figure 1. c,dMean values with unlike superscript letters were
significantly different using the Student’s t-test (P < 0.02).



than in capacity to secrete VA in VLDL since no difference was
noted when results were expressed as the percentage of VA in-
corporated by cells. 

In conclusion, the in vitro model of liver slices allows us
to compare the main metabolic pathways of VA in bovine and
rat animals. We clearly demonstrated that the hepatic metab-
olism of VA was not significantly different between the two
animal species since differences in intensity of the different
metabolic pathways of VA were directly linked to differences
in uptake efficiency of VA between these two animal species.
It is important to note that VA was not converted into CLA
by the liver of either species. The extrahepatic sites for en-
dogenous synthesis of CLA included adipose tissue, as sug-
gested by an in vivo experiment with mice given a VA sup-
plement, which showed a large incorporation of CLA from
VA into lipids in adipose tissue (8). Indeed metabolic experi-
ments using adipose tissue slices would be necessary to ver-
ify this hypothesis.
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ABSTRACT: 4-O-Podophyllotoxinyl 12-hydroxyl-octadec-Z-9-
enoate (PHEFE) is a structurally novel FA analog of podophyllo-
toxin. In the present study, in vitro effects of PHEFE on a panel of
60 human tumor cell lines and its potential modes of anticancer
action were investigated. PHEFE exhibited strong growth-in-
hibitory action in a number of solid tumor cells in vitro. It did not
inhibit tubulin polymerization as podophyllotoxin does; rather, it
inhibited the catalytic activity of topoisomerase II. Flow cytome-
try and staining assay with 4,6-diamidine-2-phenylindole dihy-
drochloride showed that PHEFE blocked the cell cycle at the
G2/M phase and induced apoptosis in HL-60 cells. These analy-
ses suggest that PHEFE has promising anticancer characteristics
that differ from podophyllotoxin and etoposide. 

Paper no. L9621 in Lipids 40, 303–308 (March 2005).

The present generation of antineoplastic agents offers limited
therapeutic benefits for most human malignancies, and the
problem of resistance compromises the effectiveness of these
drugs. Thus, there is a continuing need for identification and
development of new agents with novel mechanisms of action
and improved therapeutic potential. Although empirical evalu-
ation of clinical efficacy remains the cornerstone for the clini-
cal development of novel agents, an understanding of the
mechanism of action of putative new antineoplastic agents is
an area of profound importance.

Podophyllotoxin (Fig. 1), the bioactive principle of genus
Podophyllum, is known for its potent antitumor activity (1,2).
It functions as a mitotic inhibitor by binding reversibly to tubu-
lin and inhibiting microtubule assembly (2,3). The main defi-
ciency of podophyllotoxin is its lack of selectivity against
tumor cells, which greatly restricts its clinical utility. Numer-
ous synthetic approaches have been undertaken to develop
analogs of podophyllotoxin, resulting in a growing number of
compounds with improved therapeutic indices. Extensive stud-
ies have permitted the clinical development of two widely used
glycosylated semisynthetic derivatives, etoposide and tenipo-
side. They inhibit the essential enzyme DNA topoisomerase II

(Topo II) by stabilizing the cleavage complex that results in
DNA damage (3–5). Although etoposide and teniposide are
known to be useful against various types of tumors, the prob-
lems of drug resistance, myelosuppression, and low bioavail-
ability have limited their therapeutic application. New
podophyllotoxin derivatives that possess altered pharmacolog-
ical profiles and different antitumor mechanisms of action
could expand the utility of this class. Recently, we reported an
efficient and high-yielding method for synthesis of C4-FA
analogs of podophyllotoxin, as well as preliminary investiga-
tions of in vitro anticancer activity (6). Out of these 10 analogs,
eight compounds demonstrated significant growth inhibition in
four human solid tumor (SK-MEL, KB, BT-549, SK-OV-3)
and leukemia (HL-60) cells with IC50 values ranging from 0.07
to 4.0 µM but did not inhibit growth of noncancerous VERO
cells, unlike podophyllotoxin, which showed an IC50 of 0.55
µM for VERO cells. This suggested their mechanism of action
may be different from that of podophyllotoxin. The IC50 for the
most active derivative, 4-O-podophyllotoxinyl 12-hydroxyl-
octadec-Z-9-enoate (PHEFE) ranged from 0.07 to 0.3 µM (6).
With this view, efforts were directed to exploring the anticancer
activity of one of these structurally novel compounds, the most
active derivative, PHEFE (Fig. 1), against the National Cancer
Institute’s (NCI’s) 60 human tumor cell lines screening panel.
To understand the mode of action for anticancer activity, we
also studied the effect of PHEFE on microtubule assembly,
topoisomerases, cell cycle, and apoptosis in HL-60 cells. Here,
we report the findings of these investigations.

MATERIALS AND METHODS

Chemicals and reagents. PHEFE was synthesized as described
previously (6). Cell culture reagents were purchased from Qual-
ity Biological, Inc. (Gaithersburg, MD), except for FBS, which
was purchased from Atlanta Biochemical, Inc. (Atlanta, GA).
4,6-Diamidine-2-phenylindole dihydrochloride (DAPI) and all
other reagents were obtained from Sigma (St. Louis, MO).
Lyophilized tubulin was purchased from Cytoskeleton Inc.
(Denver, CO). Purified human topoisomerase enzymes and
kinetoplast DNA (kDNA) were purchased from TopoGen Inc.
(Columbus, OH).

Cell lines and cultures. HL-60 promyelocytic leukemia cells
from the American Type Culture Collection (ATCC; Rockville,
MD) were grown in RPMI 1640 medium supplemented with
10% FBS, 2 mM L-glutamine, and 10, 000 U/mL penicillin G
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sodium in an atmosphere of 95% humidity and 5% CO2 at
37°C. The details of cell lines used in the NCI anticancer drug
discovery program are available at http://dtp.nci.nih.gov.

Evaluation of in vitro antitumor activity. Antitumor activity
of PHEFE was determined at NCI through the antitumor screen-
ing program that consists of a panel of 60 human tumor cell lines
(7). The activity was tested at a minimum of five concentrations
at 10-fold dilutions (0.01 to 100 µM). Cells were exposed to the
drug for 48 h, and the cell viability was determined by sulforho-
damine B protein assay (http://dtp.nci.nih.gov). The activity is
reported in terms of GI50 (concentration that causes a growth in-
hibition of 50%).

Microtubule polymerization assay. The assay for microtubule
polymerization was performed in Corning Costar 96-well plates
using CytoDYNAMIX Screen from Cytoskeleton Inc. Bovine
brain tubulin used in the assay contained 90% tubulin and 10%
microtubule-associated proteins. The lyophilized tubulin was re-
constituted to 2 mg/mL in G-PEM buffer consisting of 80 mM
Pipes [piperazine-N,N′-bis(2-ethanesulfonic acid)] sesquisodium
salt, 2 mM MgCl2, 0.5 mM EGTA, and 1 mM GTP, pH 6.9.
When 100 µL of reconstituted tubulin is pipetted to a well of a
prewarmed plate, it polymerizes efficiently at 37°C. Tubulin
polymerization is measured by recording the increase in ab-
sorbance at 340 nm for 30 min on a Bio-Tek PowerWaveXS
(Bio-Tek Instruments, Inc., Winooski, VT) plate reader. Taxol
(10 µM) and podophyllotoxin (10 µM) were included as known
ligands (stabilizer and inhibitor, respectively) for tubulin poly-
merization. PHEFE was tested up to a concentration of 25 µM
using a stock of 5 mM in DMSO. The final DMSO concentra-
tion was 0.5% in the assay and did not affect the rate of tubulin
assembly.

Assay for inhibition of topoisomerase II. (i) Catalytic activ-
ity. Measurement of the catalytic activity of Topo II was based
on the conversion of kDNA to decatenated kDNA. The assay
was performed in a total volume of 20 µL containing 200 ng
kDNA, test compound, and 2 units of Topo II in assay buffer
(50 mM Tris-HCl, pH 8.0, 120 mM KCl, 10 mM MgCl2, 0.5
mM ATP, 0.5 mM DTT, and 30 µg/mL BSA). The mixture was
incubated at 37°C for 30 min, and the reaction was terminated
by the addition of 4 µL of stop buffer [5% sarkosyl (n-lauroyl-

sarcosine, sodium salt), 0.125% bromophenol blue, 25% glyc-
erol]. DNA was analyzed by electrophoresis on 1% agarose gel
in TAE buffer (40 mM Tris-acetate, 2 mM EDTA, pH 8.5).
Ethidium bromide (0.5 µg/mL) was added to the agarose gel
and running buffer. After destaining with water, the gel was
photographed on a Gel Doc system, and DNA was quantified
by densitometric analysis using NIH Image 1.52. One unit of
enzyme is defined as the amount of enzyme that can decatenate
200 ng of kDNA in 30 min at 37°C. Enzyme activity was mea-
sured in terms of the percentage of substrate kDNA converted
to product (decatenated kDNA). The concentration of the test
compound (PHEFE) that prevented 50% of the substrate from
being converted to the product (IC50) was calculated. 

(ii) Cleavage assay. The assay was performed as just given
with 4 units of Topo II in the cleavage buffer (30 mM Tris-HCl,
pH 7.6, 120 mM NaCl, 8.0 mM MgCl2, 3.0 mM ATP, and 15
mM β-mercaptoethanol). The reaction was terminated by addi-
tion of 2 µL SDS (10%) followed by addition of Proteinase K
(50 µg/mL; Sigma Chemical) and further incubation at 37°C
for 30 min. The loading buffer (10×) was added, and DNA was
extracted with an equal volume of CIA (chloroform/isoamyl
alcohol, 24:1). DNA was analyzed by electrophoresis and
photodocumented as already described. Cleavage buffer is op-
timized to detect formation of cleavage complexes, and the de-
catenation activity is less robust in this buffer. Including ethid-
ium bromide in the gel and buffer allows clear resolution of
cleavage products and detection of linear DNA.

Cell cycle analysis. Cell cycle analysis of HL-60 cells was
performed using flow cytometry. HL-60 cells were treated with
vehicle, PHEFE (0.5 µM), or podophyllotoxin (0.02 µM) for
0–48 h. The cells (2–4 × 105) were harvested and then washed
with ice-cold PBS, followed by the immediate addition of 1 mL
of ice-cold 70% ethanol. After fixation overnight at 4°C, cells
were washed twice with PBS again, treated with RNase A (40
µg/mL) for 10 min, and stained with propidium iodide (50
µg/mL) for 15 min. Flow cytometry analysis was performed
on a Becton Dickinson FACScan equipped with Becton Dick-
inson CELL Quest software. 

Morphological assessment of cell death. Exponentially
growing HL-60 cells were treated with vehicle, PHEFE (0.5
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FIG. 1. Chemical structure of podophyllotoxin (1) and 4-O-podophyllotoxinyl 12-hydroxyl-oc-
tadec-Z-9-enoate (PHEFE) (2).



µM), or podophyllotoxin (0.02 µM) for 48 h. The cells were
harvested by centrifugation and washed three times with PBS
and fixed in a solution of 3.7% formaldehyde and then in
methanol for 10 min each. Fixed cells were stained with 4
µg/mL of DAPI for 10 min. The nuclear morphology of cells
was observed using a Nikon Universal Condenser C-CU fluo-
rescence microscope equipped with a 100× oil immersion ob-
jective and UV-2A filter cubes. Images were acquired with
Kodak camera tools-DC 290 and digitized using IPLab Spec-
trum (Scanalytics, Fairfax, VA) software. 

All assays described were performed at least in duplicate,
and the representative data are shown in the figures and table. 

RESULTS

Anticancer activity against a panel of 60 human cancer cell
lines in vitro. The growth-inhibitory activities of PHEFE
against a panel of human cancer cell lines were evaluated in the
NCI disease-oriented anticancer drug screen program. PHEFE
inhibited the growth of a number of cancer cell lines tested in a
concentration-dependent manner. However, there were signifi-
cant differences in the sensitivity of these cells to PHEFE.
Table1 lists the GI50 values of PHEFE in comparison with the
GI50 values of etoposide. It can be seen that non-small-cell lung
cancer NCI-H522, melanoma UACC-257, and breast cancer
MDA-MB-435 cells were the most sensitive (GI50 < 0.01 µM),
followed by non-small-cell lung cancer NCI-H23, colon can-
cer HCT-116, HT29 and KM12, CNS cancer SF-295,
melanoma M14 and SK-MEL-2, renal cancer ACHN and
SN12C, and breast cancer MDA-MB-231/ATCC cells (GI50
values ranging from 0.04 to 0.96 µM). Several other cells listed
in Table 1 were moderately sensitive to PHEFE (GI50 values
1.17 to 8.95 µM) whereas some were least sensitive (GI50 >
100 µM). The pattern of sensitivity of cell lines was different
for etoposide (VP-16), and compared with etoposide, a higher
sensitivity of various cell lines to PHEFE was observed. How-
ever, prostate cancer and leukemia cells (except K562) were
more sensitive to etoposide than PHEFE. Among solid tumors,
cells most sensitive to PHEFE were not sensitive to etopside,
e.g., NCI-H522, UACC-257, and MDA-MB-435. 

Effect of PHEFE on tubulin polymerization. To explore the
mechanism of anticancer action of PHEFE, we assessed the ef-
fect of PHEFE on tubulin polymerization in vitro and com-
pared that result with the known ligands podophyllotoxin and
taxol. As shown in Figure 2, PHEFE did not inhibit or stimu-
late the rate and extent of tubulin polymerization. However, as
expected, podophyllotoxin inhibited and taxol stimulated tubu-
lin polymerization. Thus, the anticancer action of PHEFE does
not involve interaction with tubulin and does not resemble that
of its parent compound podophyllotoxin.

Inhibition of topoisomerases. To study whether the cyto-
toxic action of PHEFE is also associated with inhibition of
topoisomerases, the effects of PHEFE on human DNA Topo I
and II were investigated. The activity of Topo I was not af-
fected by PHEFE (data not shown). It inhibited Topo II-medi-
ated decatenation of kDNA (catalytic activity of Topo II), as

shown in Figure 3A (lanes 6–8), in a dose-dependent manner
(90, 70, and 5% inhibition at 70, 14, and 2.8 µM). An IC50 of
10 µM was computed from the dose curve (Fig. 3B). Podophyl-
lotoxin did not affect the decatenation activity of Topo II (Fig.
3A, lanes 3–5). In the cleavage assay, PHEFE did not show any
cleavage complex stabilization activity (lanes 4–6 in Fig. 4)
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TABLE 1 
Anticancer Activity of PHEFE in Comparison with Etoposidea

GI50 (µM)

Disease types Cell lines PHEFE Etoposide

Leukemia HL-60 (TB) 3.73 0.79
K-562 3.36 12.59
MOLT-4 8.95 0.50
RPMI-8226 3.33 2.00
SR 1.44 0.20

Non-small-cell lung cancer A549/ATCC 5.59 3.98
EKVX 3.42 25.12
HOP-62 1.17 2.00
HOP-92 >100 10.0
NCI-H23 0.34 6.31
NCI-H332M >100 79.43
NCI-H460 3.00 0.50
NCI-H522 <0.01 6.31

Colon cancer COLO 205 3.64 39.81
HCT-116 0.76 12.59
HCT-15 3.42 15.85
HT29 0.63 31.62
KM12 0.12 19.95
SW-620 1.87 6.31

CNS cancer SF-268 2.30 7.94
SF-295 0.24 6.31
SNB-19 >100 6.31
SNB-75 >100 12.59
U251 3.04 3.16

Melanoma LOX IMVI 3.30 2.51
MALME-3M >100 10.0
M14 0.04 0.79
SK-MEL-2 0.87 19.95
SK-MEL-28 >100 19.95
SK-MEL-5 1.91 5.01
UACC-257 <0.01 39.81
UACC-62 >100 6.31

Ovarian cancer IGROVI 4.08 31.62
OVCAR-3 6.50 39.81
OVCAR-4 7.63 >100
OVCAR-8 2.46 12.59
SK-OV-3 45.7 15.85

Renal cancer 786-0 2.49 1.26
ACHN 0.96 0.79
CAKI-1 3.48 3.98
SN12C 0.49 5.01
TK-10 >100 5.01
UO-31 2.53 39.81

Prostate cancer PC-3 1.24 0.63
DU-145 3.52 0.79

Breast cancer MCF7 2.46 2.00
NCI/ADR-RES 1.40 63.10
MDA-MB-231/ATCC 0.52 1.58
MDA-MB-435 <0.01 31.62
T-47D >100 1.00

aPHEFE, 4-O-podophyllotoxinyl 12-hydroxyl-octadec-Z-9-enoate; CNS, cen-
tral nervous system. GI50, concentration required to achieve 50% growth in-
hibition.



and did not result in the formation of linear DNA as seen with
etoposide (lanes 7 and 8 in Fig. 4). On the basis of these results,
it is clear that PHEFE does not resemble podophyllotoxin (Fig.
3A) or etoposide (Fig. 4) with regard to its action on Topo II.

Induction of cell cycle arrest. To investigate the effects on
cell cycle arrest, we examined the effects in HL-60 leukemia
cells. As shown in Figure 5, at 6 h after the treatment with 0.5
µM of PHEFE, the cells began to arrest in the G2/M phase of
the cell accompanied by reduction of G0/G1 cycle. After 12 h,
the majority of the surviving cells were in G2/M phase. At 24 h
after treatment, the cells showed fragmented DNA (hy-
podiploids, HD) smaller than that of G1 phase cells associated
with apoptotic cell death. By 48 h, most cells had reached G2/M
and died. Likewise, podophyllotoxin treatment (0.02 mM) also
arrested HL-60 cells at the G2/M phase. 

Induction of apoptosis. It is well established that prolonged
cell cycle arrest leads to programmed cell death (apoptosis)
(8,9). Therefore, we also tested the apoptosis-inducing ability
of PHEFE in HL-60 cells by DAPI staining assay. As shown in
Figure 6, after 48 h exposure, PHEFE (0.5 µM) induced exten-
sive nuclear condensation and fragmentation in HL-60 cells,
indicating that apoptosis was induced as a result of PHEFE
treatment. Podophyllotoxin (0.02 µM) also induced apoptosis
in HL-60 cells. 

DISCUSSION

PHEFE is a C4 α-bifunctional (12-hydroxyl-Z-9-ene) FA ana-
log of podophyllotoxin. Our preliminary study showed that
PHEFE suppressed the growth of a panel of five human cancer
cells (SK-MEL, KB, BT-549, SK-OV-3, and HL-60) without
affecting the growth of normal cells (6), suggesting that
PHEFE might have a different molecular mechanism by which
antitumor activity is achieved. In a continuation of this work,
we further examined the anticancer activity of PHEFE on a
broader panel of 60 tumor cells available at NCI (Table 1). The
result demonstrated that PHEFE significantly inhibited the
growth of a number of human tumor cells in a concentration-
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FIG. 2. Effect of PHEFE on tubulin polymerization. Tubulin polymeriza-
tion of purified bovine brain was determined in presence of PHEFE (25
µM), podophyllotoxin (10 µM), and taxol (10 µM) as described in the
Materials and Methods section. The extent of tubulin polymerization
(A340 nm) is plotted as a function of time. 

FIG. 3. Topoisomerase (Topo) II assay. (A) Determination of catalytic
activity. Kinetoplast DNA (kDNA: 200 ng) was incubated with 2 units
of Topo II in assay buffer with and without test drugs. Reaction was
stopped and DNA was analyzed on agarose gel as described in the Ma-
terial and Methods section. Lane 1: Substrate control (no enzyme); lane
2: Topo II activity without drug (DMSO control); lanes 3–5 and 6–8:
Topo II activity in presence of podophyllotoxin and PHEFE (70, 14, and
2.8 µM, respectively). (B) Inhibition of catalytic activity of Topo II by
PHEFE. Percent inhibition was calculated after quantifying the DNA
bands. Error bar reflects the mean ± SEM of two determinations. For
other abbreviation see Figure 1.

FIG. 4. Topo II assay: Determination of cleavage complex stabilization
activity. Kinetoplast DNA (kDNA: 200 ng) was incubated with 4 units
of Topo II in cleavage buffer with and without test drugs. The reaction
was stopped with SDS and Proteinase K; after extraction with chloro-
form/isoamyl alcohol (24:1), DNA was analyzed on agarose gel as de-
scribed in the Materials and Methods section. Lane 1: Substrate control
(no enzyme); lane 2: kDNA and Topo II without drug (DMSO control);
lane 3: kDNA, Topo II, and podophyllotoxin (70 µM), lanes 4–6: kDNA,
Topo II, and PHEFE (70, 14, 2.8 µM); lanes 7–9: kDNA, Topo II, and
etoposide (50, 25, and 12.5 µM). For other abbreviations see Figures 1
and 3.

A

B



dependent manner. Non-small-cell lung cancer NCI-H522,
melanoma UACC-257, and breast cancer MDA-MB-435 cells
were highly sensitive to this compound (GI50 < 0.01 µM), sug-
gesting that PHEFE may turn out to be active against non-
small-cell lung cancer, melanoma, and breast cancers. After
comparison with etoposide, it was interesting to note that the
pattern of sensitivity of the cells to PHEFE was not similar to
etoposide. This is indicative of a different mode of action. Ac-
tion of PHEFE on tubulin and Topo II also indicated that this
compound does not resemble podophyllotoxin or etoposide in
affecting these targets. It is well recognized that solid tumors
are hard to treat, as they metastasize and develop resistance to-
ward chemotherapy and radiation (10). PHEFE showed more
potent anticancer activity against solid tumors than leukemia,
which may be beneficial in the treatment of solid tumors. It is
worth further exploring the potential of PHEFE to develop it as
a possible new chemotherapeutic agent. 

Since FA-derived podophyllotoxin molecules are a rela-
tively new class of compounds (6,11,12), the molecular targets
by which they exert antitumor activity have not yet been stud-
ied. In this report, we investigated the effects of the C4-mono
FA analog, PHEFE, on tubulin polymerization, topoisomerase
activity, cell cycle progression, and apoptosis for the first time.

Microtubules are cytoskeletal structures formed by highly
dynamic assemblies of tubulin heterodimers, and they play a
crucial role in many biological processes, including mitosis,
intracellular transport, exocytosis, and cell growth. An essen-
tial function of microtubules is to partition duplicated chromo-
somes into daughter cells during cell division. Microtubule dy-
namics are dramatically increased during mitosis and are very
sensitive to interferences, thereby constituting an important tar-
get in cancer chemotherapy (2). The mechanism by which
podophyllotoxin blocks cell division is known to be related to
its inhibition of microtubule assembly in the mitotic apparatus
(2,13). Unlike podophyllotoxin and a variety of its C4 analogs
(2), PHEFE did not inhibit tubulin polymerization. This obser-
vation suggests a unique profile of anticancer activity for
PHEFE, involving mechanisms unrelated to inhibition of tubu-
lin polymerization.

Topoisomerases are cellular enzymes that are intricately in-
volved in maintaining the topographic structure of circular DNA
during translation, transcription, and mitosis (14,15). These en-
zymes are well known as targets for a number of anticancer
drugs (16–18). Catalytic Topo II inhibitors such as aclarubicin,
merbarone, novobiocin, MST-16, ICRF-187, and ICRF-193 are
emerging as an interesting new class of compounds in cancer
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FIG. 5. Effects of PHEFE (a) and podophyllotoxin (b) on cell cycle arrest
in HL-60 cells. HL-60 cells in log phase growth were incubated with
0.5 µM PHEFE or 0. 02 µM podophyllotoxin for 0–48 h. Samples were
taken at the times indicated in each panel for flow cytometric cell cycle
analysis as described in the Materials and Methods section. Data shown
represent relative numbers of cells (y axis) as a function of fluorescence
intensity (x axis). For abbreviation see Figure 1.

FIG. 6. Induction of apoptosis by PHEFE in HL-60 cells. HL-60 cells
were exposed to vehicle (a), 0.5 µM PHEFE (b), or 0.02 µM podophyl-
lotoxin (c) for 48 h. Cells were harvested and washed with ice-cold PBS,
followed by fixation in 3.7% formaldehyde and methanol. Fixed cells
were incubated with 4 µg/mL of 4,6-diamidine-2-phenylindole dihy-
drochloride, and nuclear morphology was examined by using a fluores-
cent microscope. Arrows indicate apoptotic cells with condensed and
fragmented nuclei.



therapy for a variety of reasons (17,18). PHEFE inhibited the cat-
alytic activity of Topo II without showing any cleavage complex
stabilization effects. This effect is different from that observed
for the epipodophyllotoxin analogs (βC-4, epimers) etoposide
and teniposide, which are known to act via Topo II cleavage
complex stabilization (16). Therefore, PHEFE may be a candi-
date of pharmaceutical significance, because of its α-stereo-
chemistry at C-4 and its interaction with Topo II, similar to the
class of catalytic inhibitors (17,18). In cell cycle analysis, both
PHEFE and podophyllotoxin block the cell cycle at the G2/M
phase. However, the mechanism of action by which they induce
cell cycle arrest is different. Podophyllotoxin blocks cell cycle
progression in association with inhibition of tubulin polymeriza-
tion, whereas PHEFE lacks the tubulin inhibition but elicits
G2/M blockage in association with inhibition of Topo II. The
IC50 for Topo II inhibition (10 µM) is much higher than the con-
centration required to induce cell cycle arrest and apoptosis (0.5
µM). This suggests that, in addition to Topo II inhibition, another
cellular mechanism or mechanisms may also be involved in the
cytotoxic action of PHEFE. 

The mode of cell death induced by PHEFE and podophyllo-
toxin was further investigated by DAPI staining assay. There are
two known mechanisms of cell death: necrosis and apoptosis.
Necrosis is usually considered to result from physical injury.
Apoptosis is a deliberate and genetically controlled cellular re-
sponse to developmental and environmental stimuli; it is charac-
terized by cell shrinkage and chromatin condensation, followed
by fragmentation of nuclear components (19). Selective induc-
tion of apoptosis in cancer cells or malignant tissues represents
an efficient strategy for cancer chemotherapy. In this study, apop-
tosis was detected within 48 h of drug treatment by DAPI stain-
ing assay at cytotoxic concentrations. PHEFE and podophyllo-
toxin induced extensive nuclear condensation and DNA frag-
mentation. The results of studies by flow cytometry show that
there was extensive HD debris, perhaps from apoptotic cells.
These investigations indicate that PHEFE and podophyllotoxin,
although displaying distinct pharmacological properties, both in-
duce cellular responses that lead to induction of apoptosis. 

Unlike podophyllotoxin, etoposide, and teniposide, PHEFE
neither inhibited microtubulin polymerization nor stabilized
the cleavage complex of DNA Topo II. Rather, it inhibited the
catalytic activity of Topo II. The overall effect of PHEFE also
resulted in cell cycle arrest and apoptosis.
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ABSTRACT: Differences in the FA composition of subcellular
fractions from healthy and cancerous kidney tissues from the
same patients were examined. Only minor differences in CLA
content were found between the healthy and the cancerous tis-
sue portions. Regarding the distribution pattern, CLA incorpora-
tion into nuclei and cytosol was significantly higher than incor-
poration into plasma membranes and mitochondria, which could
be correlated to the neutral lipid content of these fractions. The
subcellular distribution pattern of CLA was similar to that ob-
served with monounsaturated FA but unlike that found with
18:2n-6, which underlines the different physiological properties
of CLA and 18:2n-6. Because PUFA have been suggested to have
an effect on cancer risk, the contents of n-3 and n-6 PUFA were
determined in kidney and renal cell carcinoma (RCC). The 18:2n-6
content and ∆5 desaturase activity were significantly lower, and
the 18:3n-6, 20:3n-6, and 20:5n-3 contents and ∆6 desaturase ac-
tivity were significantly higher in RCC than in healthy renal tis-
sue, indicating a changed PUFA metabolism in RCC. Previous re-
search has suggested that CLA inhibits the elongation and desatu-
ration of 18:2n-6 into 20:4n-6. In that case, one might speculate
that a diet enriched in CLA would be a useful tool in preventing
RCC. However, the involvement of CLA in preventing renal can-
cer could not be demonstrated definitively from the design of this
experiment. Further understanding of the cause and/or conse-
quence of the difference in FA metabolism may lead to a better
understanding of RCC.

Paper no. L9605 in Lipids 40, 309–315 (March 2005).

CLA describes a group of positional and stereochemical iso-
mers of 18:2n-6 that contain two conjugated double bonds.
CLA can be found in natural food sources, such as dairy prod-
ucts or the meat of ruminant animals (1). At the end of the
1980s, CLA was found to possess anticarcinogenic properties,
and nowadays the anticarcinogenic effect of CLA is well
known from several in vivo and in vitro studies (2,3). However,
the mechanism(s) of the anticarcinogenic effect of CLA have
not yet been clarified, although several studies have shown that

diets containing CLA are associated with altered phospholipid-
associated FA metabolism and eicosanoid formation (4,5).

The existing data suggest that dietary CLA might also be
used in humans for the prevention of cancer, and the feasibility
of increasing the CLA content of food is already being consid-
ered to increase the CLA intake in humans (6). In spite of such
potential, few studies are available that deal with the associa-
tion between CLA and cancer in humans. In 2000 Aro et al. (7)
examined the relationship between dietary or serum CLA in
women and the risk of breast cancer. They found dietary or
serum CLA to be significantly lower in cancer cases than in
controls, suggesting a protective effect of CLA on breast can-
cer risk, but only in postmenopausal patients. In contrast, a co-
hort study, carried out in 2002, estimated dietary intake of CLA
to be associated with increased risk of breast cancer in post-
menopausal patients (8). The correlation between CLA and
cancers other than breast cancer in humans has not been exam-
ined so far.

Renal cell cancer (RCC) is responsible for about 2% of all
cancer deaths in developed countries and represents 80–85%
of all tumors of the kidney. The risk of RCC is known to be in-
fluenced by many environmental factors, such as tobacco
smoking, elevated body mass index (BMI), a few medical con-
ditions, and a family history of the disease. Furthermore, many
dietary factors have been considered in relation to RCC. Veg-
etables, fruit, vitamin C, and carotenoids have shown protec-
tive effects, whereas meat and milk products have been risk
factors; however, the findings have not been uniform (9). 

In the present study, differences in the FA composition of
subcellular fractions from healthy and affected kidney tissues
from the same patients were examined. In detail, the contents
of CLA isomers and the long-chain n-6 and n-3 FA, which are
involved in eicosanoid biosynthesis, were determined and the
appropriate ratios for the calculation of ∆9, ∆6, and ∆5 desat-
urase and elongase activities were formed. Several studies have
already focused on the incorporation of CLA into individual
tissue lipid classes (10,11). Only a few studies, however, have
dealt with the distribution of CLA in cell organelles (12,13),
and no study has reported on the distribution of CLA in cell or-
ganelles in human tissues. The intracellular distribution of CLA
is of interest because it could provide valuable clues to poten-
tial biochemical target sites. 
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MATERIALS AND METHODS

Tissue procurement. Patients with a clinical diagnosis of renal
cancer underwent surgical resection of their tumors at the De-
partment of Urology, General Hospital Barmbek, Hamburg. All
patients had a radical nephrectomy of the involved kidney and
gave written consent to a protocol approved by the ethics com-
mission of the Hamburg Medical Association. A piece of can-
cerous tissue and a piece of healthy renal tissue were removed
from the nephrectomy specimen for study immediately follow-
ing resection. Tissue sectioning was performed by a patholo-
gist in the Department of Pathology, General Hospital Barm-
bek, Hamburg, so as not to compromise the histological diag-
nosis. Samples were snap-frozen in liquid nitrogen and stored
at −80°C until analyzed. 

Cell fractionation. Tissue specimens were fractionated into
nuclear, mitochondrial, plasma membrane, and cytosolic frac-
tions as described previously (14). Briefly, tissue specimens
were suspended in a 10-fold volume of homogenization
medium (0.25 M sucrose, 0.01 M Tris-HCl, 1 mM EDTA, pH
7.5) and homogenized, first in an UltraTurrax homogenizer for
5 s and then in a Potter–Elvehjem homogenizer with six up-
and-down strokes of a Teflon pestle. The homogenate was fil-
tered through a coarse metal sieve and was centrifuged at 1,000
× g for 10 min. The crude pellet, representing the nuclear frac-
tion, was resuspended in 1.38 M sucrose and purified by cen-
trifugation at 40,000 × g for 80 min. After separation of the
crude nuclear fraction, the supernatant fluid was centrifuged at
39,000 × g for 45 min to sediment mitochondria and plasma
membranes. The 39,000 × g supernatant was regarded as the
cytosolic fraction. To separate the plasma membranes from the
mitochondria, the pellet was resuspended in 1.38 M sucrose
and homogenized in a Potter–Elvehjem homogenizer with
three up-and-down strokes. Sucrose (0.25 M) was loaded on
top of the suspension and the resulting discontinuous gradient
was centrifuged at 57,000 × g for 90 min. The plasma mem-
branes appeared as a band at the sucrose interface, and the mi-
tochondria were in the bottom pellet.

To determine the purity of the subcellular fractions, the ac-
tivities of marker enzymes were measured. Succinate dehydro-
genase was used as a marker for mitochondria, alkaline phos-
phatase for plasma membranes, acid phosphatase for lyso-
somes, NADPH-cytochrome c reductase for microsomes, lactate
dehydrogenase for cytosol, and catalase for peroxisomes. All
these assays were carried out as described previously (15–18).
For calculation of enzyme activities, the protein contents of tis-
sue homogenates and subcellular fractions were measured by the
method of Bradford (19). All fractions were highly enriched in
their corresponding marker enzymes. The fraction designated
the cytosolic fraction contained not only cytosol but also micro-
somes and lysosomes.

Lipid analysis. Lipids were isolated from whole tissue ho-
mogenates as well as from cell fractions by extracting them
twice with dichloromethane/methanol (2:1, vol/vol) and once
with hexane. Subsequently, FAME were generated by derivati-
zation of the lipid extract with 5% potassium methoxide in

methanol (Merck-Schuchardt, Hohenbrunn, Germany) at 60°C
for 15 min according to the method of Pfalzgraf et al. (20). The
pattern of total FAME was analyzed by GC (Hewlett-Packard
GC system 6890 with FID, Waldbronn, Germany) using a CP-
Sil 88 capillary column (100 m × 0.25 mm i.d. with a 0.2-µm
film thickness; Chrompack, Middelburg, The Netherlands).
The following three-step temperature run was used to separate
FAME: initial 70°C, held 3 min; 8°C/min to 180°C, held 10
min; 3°C/min to 235°C, held 10 min. The inlet temperature was
200°C and the detector temperature was 260°C. A 2-µL vol-
ume was injected at a split ratio of 10:1. Hydrogen was used as
the carrier gas at 1.5 mL/min.

CLA isomer distribution was determined by silver ion
HPLC analysis (21). Separation was carried out with a Waters
515 HPLC system (Waters, Milford, MA) equipped with a pho-
todiode array detector 996. Two silver-loaded Chromspher 5
Lipids columns (Chrompack), 5-mm particle size, 250 × 4.6
mm, were used series-wound with a mobile phase of
hexane/acetonitrile (100:0.5, vol/vol) at a flow rate of 1
mL/min. Because of their conjugated double bonds, CLA iso-
mers could be detected at 234 nm, whereas unconjugated un-
saturated FA absorbed at 200 nm. 

FAME standards, including a mixture of CLA isomers, were
used to identify and quantify sample FAME (Sigma Chemical
Co., Deisenhofen, Germany).

Statistical analysis. All data are expressed as mean ± SD. Sta-
tistical comparisons between healthy renal tissue and RCC were
made using Student’s two-tailed t-test for paired values (P < 0.05).
One-way ANOVA with Scheffé, Student–Newman–Keuls, and
Tukey-B as post hoc tests were used to determine significant dif-
ferences in FA distribution between the subcellular fractions
(P < 0.05). All statistics were performed using SPSS Statistical
Software, version 11.5.2.1 (SPSS Inc., Chicago, IL). 

RESULTS

All 23 patients studied had RCC. Table 1 shows clinical char-
acteristics of the tumors. Three patients suffered additional dis-
eases, namely, alimentary adiposity, family hyperlipidemia, or
type 2 diabetes. Two patients were smokers. All patients, male
and female, were born between 1921 and 1957 and had a mean
BMI of 25.95 ± 2.85. All clinical and anthropomorphic data
were collected at the Departments of Urology and Pathology,
General Hospital Barmbek (Hamburg, Germany). 

CLA content was readily detected in the total lipid extracts of
healthy human renal tissue and RCC as well as in nuclear, mito-
chondrial, plasma membrane, and cytosolic fractions of these tis-
sues (Fig. 1). For kidney, CLA incorporation was significantly
higher in nuclei and cytosol compared with total lipid extract,
plasma membranes, and mitochondria. For RCC, similar CLA
contents were measured, with the exception of plasma mem-
branes. The CLA content in plasma membranes of RCC was sig-
nificantly higher than in plasma membranes of healthy renal tis-
sue (0.33 ± 0.18 and 0.21 ± 0.06%, respectively). No further dif-
ferences in total CLA content between the two types of tissue
were detected. 
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The distribution pattern of the monounsaturated FA
(MUFA) 14:1cis9, 16:1cis9, 18:1cis9, 20:1cis11, 22:1cis13,
and 24:1cis15 in sum in the subcellular fractions was similar to
the distribution pattern observed with total CLA and unlike that
found with 18:2n-6 (Figs. 2, 3). The 18:2n-6 content was high-
est in mitochondria and lowest in total lipid extracts of both
types of tissue. The MUFA content was significantly lower in
the nuclear, cytosolic, and plasma membrane subcellular frac-
tions of healthy compared with RCC tissues, whereas 18:2n-6
was significantly lower in total lipid extracts and significantly
higher in the nuclear fraction of RCC. 

The individual CLA isomers present in these tissues are
shown in Figure 4. The cis9,trans11-CLA was shown to be the
prominent CLA isomer in healthy renal tissue as well as in RCC
with more than 80% of total CLA. A significant difference be-
tween the two types of tissues was detected only for
cis11,trans13-CLA; the content was higher in RCC than in
healthy renal tissue (2.67 ± 1.39 and 1.49 ± 0.70%, respectively). 

In addition to the CLA contents, the total FA profiles were
determined; 16:0, 18:0, 18:1cis9, 18:2n-6, and 20:4n-6 were
found to be the major FA in all subcellular fractions from both
types of kidney tissue studied (data not shown). In detail, we
examined the contents of the long-chain n-6 (18:2n-6, 18:3n-6,
20:3n-6, and 20:4n-6) and n-3 PUFA (18:3n-3, 20:5n-3, and
22:6n-3) (Fig. 5A– C). 

The appropriate product/precursor ratios were calculated for
∆9, ∆6, and ∆5 desaturase and elongase activities (Figs. 6A,
6B). For ∆9 desaturase activity, the ratio ∆9-MUFA (14:1cis9,
16:1cis9, and 18:1cis9)/saturated FA (SFA) (14:0, 16:0, and
18:0), for ∆6 desaturase activity the ratio 18:3n-6/18:2n-6, for
elongase activity the ratio 20:3n-6/18:3n-6, and for ∆5 desat-
urase activity the ratio 20:4n-6/20:3n-6 were calculated. 

Significant differences were observed for 18:2n-6, 18:3n-6,
20:3n-6, 20:5n-3, ∆6 desaturase, and ∆5 desaturase activities,
with 18:2n-6 content (13.73 ± 1.78 and 14.7 ± 2.04%, respec-
tively) and ∆5 desaturase activity being lower, and with 18:3n-6
(0.12 ± 0.08 and 0.04 ± 0.02%, respectively), 20:3n-6 (1.71 ±
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TABLE 1
Clinical Characteristics of the Renal Cell Carcinoma Studied

WHO (UICC)a Number of WHO (UICC) Number of
classification patients (n = 23) classification patients (n = 23)

Primary tumor Histological grading
pT1 3 GI 1
pT2 2 GII 16
pT3 1 GII 6
pT3a 9 Staging (Robson)
pT3b 6 I 4
pT4 2 II 1

Regional lymph nodes III 15
pNx 16 IV 3
pN0 6
pN2 1

Distant metastasis
pMx 22
pM1 1

aWHO, World Health Organization; UICC, Union Internationale Contra Cancrum.

FIG. 1. CLA content in tissue samples of human kidney and renal cell
carcinoma as well as in their subcellular fractions. Values are means ±
SD (n = 23). Columns marked with different letters within one kind of
tissue are significantly different (P < 0.05). (*), Corresponding healthy
and cancerous tissues were significantly different at P < 0.05.

FIG. 2. Content of the monounsaturated FA (MUFA) 14:1cis9, 16:1cis9,
18:1cis9, 20:1cis11, 22:1cis13, and 24:1cis15 in sum in tissue samples
of human kidney and renal cell carcinoma as well as in their subcellu-
lar fractions. Values are means ± SD (n = 23). Columns marked with
different letters within one kind of tissue are significantly different (P <
0.05). (*), Corresponding healthy and cancerous tissues were signifi-
cantly different at P < 0.05.



0.50 and 1.10 ± 0.38%, respectively), and 20:5n-3 contents (0.36
± 0.20 and 0.24 ± 0.16%, respectively) and ∆6 desaturase activ-
ity being higher in RCC than in healthy renal tissue. The 20:4n-6
content (12.82 ± 4.18 and 15.12 ± 5.84%, respectively) and the
elongase activity tended to be lower, whereas the 22:6n-3 con-
tent (1.79 ± 1.27 and 1.23 ± 0.70%, respectively) tended to be
higher in RCC than in healthy renal tissue, but the differences
were not significant. No differences at all between cancerous and
healthy tissue were found for the 18:3n-3 content (0.50 ± 0.21
and 0.45 ± 0.17%, respectively) and ∆9 desaturase activity.

DISCUSSION

Several studies dealing with the incorporation and distribution of
CLA into different types of animal tissue are described in the lit-
erature (10,11,22–24). Unfortunately, the results of animal stud-
ies cannot easily be assigned to humans because of species and
age differences. For this reason, studies on humans are indis-
pensable. The present study is a first step to providing valuable
clues to potential biochemical target sites of CLA in human renal

cancer by comparing the subcellular distribution of CLA in
healthy and cancerous tissue samples from the same patients.
The study design is limited by missing information on dietary
intake values, and there is no comparison of true healthy vs. can-
cerous kidney tissues. However, as human tissues can be ac-
quired only as waste products accruing at operations, systematic
nutritional studies on human cancer are impossible. The exami-
nation of healthy and cancerous tissue samples from the same
patients offered the possibility of comparing paired tissue sam-
ples with the same nutritional status. And even within this lim-
ited experimental design, significant differences in FA distribu-
tion were found between healthy and cancerous renal tissue,
which emphasizes the importance of these results. 
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FIG. 3. 18:2n-6 content in tissue samples of human kidney and renal
cell carcinoma as well as in their subcellular fractions. Values are
means ± SD (n = 23). Columns marked with different letters within one
kind of tissue are significantly different (P < 0.05). (*), Corresponding
healthy and cancerous tissues were significantly different at P < 0.05.

FIG. 4. Contents of CLA isomers in tissue samples of human kidney
(white column) and renal cell carcinoma (black column). Values are
means ± SD (n = 23). (*), Corresponding healthy and cancerous tissues
were significantly different at P < 0.05.

FIG. 5. Contents of (A) 18:2n-6 and 20:4n-6, (B) 18:3n-6 and 20:3n-6,
and (C) 18:3n-3, 20:5n-3, and 22:6n-3 in tissue samples of human kid-
ney (white column) and renal cell carcinoma (black column). Values
are means ± SD (n = 23). (*), Corresponding healthy and cancerous tis-
sues were significantly different at P < 0.05.



The variation in CLA content between healthy and cancer-
ous kidney tissue was generally very small. No significant dif-
ference in total CLA content between renal tissue and RCC
could be observed. This result is in accordance with the results
of Chajès et al. (25), who found no significant difference in
mean CLA levels between patients with invasive breast carci-
noma and patients with benign breast pathologies. However,
Lavillonnière and Bougnoux (26) showed that the CLA con-
tent of breast tissue was higher in women with benign disease
than in women with carcinoma of the breast.

Because of these contradictory results, the aim of this study
was to examine the content of CLA in cancerous tissues more
thoroughly. Therefore, total CLA content was measured not
only in human RCC and the corresponding unaffected renal tis-
sue of human tumor-bearing kidneys, but also in subcellular
fractions of these tissues. 

The distribution of CLA over cell organelles is only rarely
described in the literature. Demarée et al. (12) found that more
than 50% less CLA is incorporated into microsomes than into
membrane fractions (containing plasma membranes, nuclei,
and mitochondria) and nonmembrane fractions (containing
nonpolar lipids) of adipose tissue and longissimus muscle of
postweanling pigs. Because the microsomes are mainly part of
the cytosolic fraction (14) and it was shown that CLA is incor-
porated best into nuclei and cytosol and significantly less into
plasma membranes and mitochondria of renal tissue, the results
of Demarée et al. (12) are in disagreement with this study. 

Banni et al. (11) found that CLA is preferentially incorpo-

rated into neutral lipids. Therefore, it is of interest to discuss
whether the CLA levels were higher in subcellular fractions
containing higher levels of neutral lipids compared with phos-
pholipids. For mitochondria, all values reported for total lipids
as the percentage of dry weight and the proportion as phospho-
lipids are in relatively good agreement. It is clear that pig and
beef heart and mouse and rat liver mitochondria all have very
similar total lipid contents (about 27%) and that about 90% of
the total lipids are phospholipids (27). Nuclei have not been
studied adequately for total lipid content. A value of 11% was
reported for rat liver nuclei, and phospholipids were found to
represent only about 3% of the dry weight of a pure prepara-
tion of nuclei (27). For plasma membranes, total lipid values of
30.5 and 32.8% were reported for rat and mouse liver, respec-
tively, of which 60.0 and 55.0%, respectively, comprised phos-
pholipids (28). Therefore, the neutral lipid content is much
higher in nuclei than in mitochondria and plasma membranes,
which explains the preferential incorporation of CLA into nu-
clei compared with mitochondria and plasma membranes. No
data on the neutral lipid content of cytosolic fractions are re-
ported in the literature.

Van Hoeven and Emmelot (28) found increased contents of
neutral lipids in hepatoma plasma membranes from mice and
rats compared with normal liver plasma membranes. That
might explain the significant enhancement of CLA content in
the plasma membranes from RCC in comparison with healthy
renal tissue. However, no data have been reported in the litera-
ture on the lipid class composition of RCC plasma membranes. 

The subcellular distribution of CLA was compared with the
distribution patterns of 18:2n-6 and the MUFA 14:1cis9,
16:1cis9, 18:1cis9, 20:1cis11, 22:1cis13, and 24:1cis15 in sum.
We found that CLA and MUFA were similarly distributed,
which is easily explained by the stereochemical structure of
CLA. The most prominent CLA isomers in renal tissue and
RCC are the cis,trans and trans,cis isomers, respectively. Trans
unsaturated FA show a stereochemical structure similar to that
of SFA; consequently, cis,trans and trans,cis unsaturated FA
show a stereochemical structure similar to that of cis-MUFA.
The subcellular distribution of 18:2n-6 is different from that of
CLA, supporting the results of Banni et al. (11), who found that
18:2n-6 is distributed mainly in phospholipids, whereas CLA
is incorporated primarily in the neutral lipids of rat liver. There-
fore, the different cellular distributions of CLA and 18:2n-6 un-
derline the different physiological properties of these two FA. 

In addition, the incorporation of single CLA isomers was
examined. No marked differences were found between healthy
and cancerous renal tissues. Only the content of the
cis11,trans13-CLA isomer was slightly, but significantly, in-
creased in RCC. Cis11,trans13-CLA is one of the CLA isomers
that is found mainly in commercial CLA preparations (29,30).
It differs from the opposite 11,13-CLA geometric isomer
trans11,cis13-CLA, which is generally present in natural dairy
fats (31). However, Fritsche et al. (32) also reported on the oc-
currence of cis11,trans13-CLA in beef samples. Kramer et al.
(33) examined the distribution of CLA isomers in tissue lipid
classes of pigs fed a commercial CLA mixture. They found a
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FIG. 6. Activity of (A) ∆9 and ∆6 desaturase and (B) elongase and ∆5 de-
saturase in tissue samples of human kidney (white column) and renal
cell carcinoma (black column). Values are means ± SD (n = 23). (*),
Corresponding healthy and cancerous tissues were significantly differ-
ent at P < 0.05. SFA, saturated FA; LA, linoleic acid; LnA, linolenic acid;
AA, arachidonic acid; for other abbreviation see Figure 2.



preferential accumulation of cis11,trans13-CLA in cardiac
lipids compared with liver lipids, inner back fat, and omental
fat. No data on kidney lipids have been reported, but the occur-
rence of cis11,trans13-CLA in kidney and RCC lipids might
be due to a comparable accumulation of this isomer from trace
amounts in foods, as observed for cardiac lipids. 

In addition to CLA, total lipid profiles were determined. As
discussed previously, marked variations in FA contents be-
tween the subcellular fractions of the two types of kidney tis-
sue studied were detectable (14). However, because of varia-
tions between different kinds of tissues and species, no general
statement on the characteristic FA profiles of single subcellular
fractions was possible. The goal of the present study was a de-
tailed, statistical examination of the n-3 PUFA 18:3n-3, 20:5n-
3, and 22:6n-3 and the n-6 PUFA 18:2n-6, 18:3n-6, 20:3n-6,
and 20:4n-6 in kidney and RCC, as PUFA have been suggested
to have an effect on cancer risk by increasing the formation of
eicosanoids in the tumor tissue (34). The contents of the n-6
PUFA measured were in good agreement with the results of
Geers et al. (35), who analyzed the phospholipid composition
of nephromas and the unaffected cortex of 15 tumor-bearing
human kidneys. They found 18:2n-6 (11.1 ± 2.7 and 15.3 ±
1.5%, respectively) to be significantly decreased; 20:4n-6 +
22:1 (11.1 ± 3.7 and 14.9 ± 4%, respectively) tended to be de-
creased; and 20:3n-6 + 22:0 (3.9 ± 2.0 and 3.1 ± 0.5%, respec-
tively) tended to be increased in the nephromas. No data on the
contents of n-3 PUFA in renal tissue samples are reported in
the literature.

The differences determined in n-3 and n-6 FA distribution
and the resulting differences in desaturase and elongase activi-
ties between healthy renal tissue and RCC indicate a changed
PUFA metabolism in RCC. No literature so far has linked n-3
and n-6 metabolism and RCC via its role as an eicosanoid pre-
cursor, but an abnormal cholesterol metabolism is described,
which leads to the speculation that not only cholesterol metab-
olism but also other FA metabolic pathways may be abnormal
(36). Furthermore, there is already evidence linking PUFA me-
tabolism and breast cancer (7) or prostate cancer, another uro-
logical cancer (37). The greater 18:3n-6/18:2n-6 ratio but lower
20:3n-6/18:3n-6 and 20:4n-6/20:3n-6 ratios calculated in this
study lead to the assumption that the low 20:4n-6 levels may
be a result of decreased elongase and ∆5 desaturase activities.
Another explanation for the lower RCC contents of 20:4n-6 as
well as 20:5n-3, substrates for the synthesis of eicosanoids by
cyclooxygenase or lipoxygenase, might be an increased pro-
duction of eicosanoids, which has previously been postulated
for prostate cancer (37) and which has already been shown for
breast cancer (38).

Further understanding of the cause and/or consequence of
the differences in FA metabolism between healthy renal tissue
and RCC may lead to a better understanding of RCC. Banni et
al. (4) suggested that CLA inhibits the elongation and desatu-
ration of 18:2n-6 into 20:4n-6. In that case, one might specu-
late that a diet enriched in CLA is a useful tool in preventing
RCC. However, differences in CLA content and isomer distri-
bution between healthy and cancerous kidney tissues from the

same patients appeared to be minimal in the present study.
Therefore, the involvement of CLA in preventing cancer of the
kidneys cannot be definitively demonstrated from the design of
this experiment. 

Tavani and La Vecchia have shown that meat and milk prod-
ucts are risk factors in RCC (9). Results from studies on the as-
sociation between consumption of dairy products and risk of
breast cancer have been controversial. Some studies have
found a significant inverse association, some a significant posi-
tive association, and some no association (39). Possible rea-
sons for the discrepancy include different effects by different
components of diary products. CLA, alone or together with
other ingredients of dairy products, may be a factor that is re-
sponsible for a positive effect. This view is supported by the
anticarcinogenic effects of CLA observed in experimental ani-
mal studies. On the other hand, a high consumption of
processed meat and poultry, as reflected in an increased pro-
portion of 20:4n-6 in serum FA, may increase the risk of breast
cancer or RCC. Another possible explanation for the lack of an
association between the intake of foods rich in CLA, such as
ruminant products, and the occurrence of RCC is that the
amount of CLA stored in human tissues may be too low to in-
duce any protective effect on tumor development. CLA re-
mains at a level at which inhibition of tumor growth has never
been documented in animals.
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ABSTRACT: The wood and bark of four Acacia species grow-
ing in Portugal, namely, A. longifolia, A. dealbata, A. melanoxy-
lon, and A. retinodes, were investigated for their sterol content.
The lipids fractions of the different wood and bark samples were
isolated, and the sterols were identified and quantified by GC–MS.
Two ∆7 sterols, specifically, spinasterol and dihydrospinasterol,
were the main sterols found in considerable amounts, particu-
larly in wood tissues (more than 0.5 g/kg of dry wood in the case
of A. melanoxylon and A. retinodes). The corresponding unusual
steryl glucosides were also identified in significant amounts in the
wood and bark extracts. 

Paper no. L9682 in Lipids 40, 317–322 (March 2005).

Sterols are a very important group of lipidic compounds be-
cause of their broad range of biological functions and activi-
ties. In the Plant Kingdom, a large number of sterols (phytos-
terols) have been identified, of which the ∆5 sterols, such as β-
sitosterol (stigmasta-5-en-3-β-ol) and stigmasterol, are the
most abundant (1,2). The homologous ∆7 sterols, spinasterol
and dihydrospinasterol (stigmastadien-7,22E-3-β-ol and stig-
masta-7-en-3-β-ol, respectively), are the major components of
only a few plant families, e.g., Caryophylaceae and Cactaceae
(2). Furthermore, phytosterols can occur in free form, esteri-
fied with FA and aromatic acids, or as glucosides (2).

Phytosterols play a key role in stabilizing the cell mem-
branes in plants (as cholesterol does in animals). Moreover,
their beneficial effects on human health (3), of which the re-
duction of blood cholesterol level is the most well known, have
been recognized for many years. However, the most significant
advances in this field, and particularly in the use of phytosterols
as ingredients in functional foods, have been made in the last
decade (3). Currently, a wide range of functional foods supple-
mented with phytosterols are available on the market (4), lead-
ing to an increasing demand for abundant sources of these nat-
ural products. 

Acacia trees are not cultivated in Portugal; however, they
represent the main invasive plant species of the Portuguese
pine and eucalyptus forests, as well as of the coastal dune sys-
tems (5). Every year a large number of Acacia trees are har-
vested to avoid the propagation of these exotic species, leading

to the production of considerable amounts of biomass that are
mainly used for domestic energy production. The wood and
bark of these exotic species could represent a renewable source
of fine chemicals. In fact, a large number of publications have
been published describing the composition of Acacia species,
and the most relevant results have recently been reviewed (6).
However, only a few publications discuss the sterol composi-
tion of specific Acacia species (7–10). Since information on the
chemical composition of Acacia species growing in Portugal is
still lacking, we set out to characterize the most relevant
species, namely, A. longifolia, A. dealbata, A. melanoxylon,
and A. retinodes.

In the present work, the different Acacia wood and bark
lipids were isolated by Soxhlet extraction and characterized by
GC–MS. We report, for the first time, the identification of con-
siderably high amounts of the less common ∆7 sterols, namely,
spinasterol and dihydrospinasterol, and the corresponding glu-
cosides in the lipidic extracts of the wood and bark of the main
Acacia species growing in Portugal.

MATERIALS AND METHODS

Samples. Acacia wood and bark samples were randomly sam-
pled from 6 to 8 trees growing in the forests of the region of
Aveiro, Portugal, at the end of May 2004. Samples were col-
lected from the stem 1 m above the ground. Wood and bark
samples were air-dried for 2 wk and then ground and sieved,
and the granulometric fractions of 40–60 mesh were used for
analysis.

Extraction of lipids from wood and bark samples. Three
powdered aliquots (20 g) of each sample were Soxhlet ex-
tracted with dichloromethane for 8 h. The solvent was evapo-
rated to dryness and the lipophilic extracts were weighed. The
results were expressed as a percentage of dry wood or bark.

GC–MS analysis and quantification of the lipophilic ex-
tracts. (i) Extract derivatization. Prior to GC–MS analysis, ap-
proximately 20 mg of each dried extract was trimethylsilylated
according to a known procedure (11): The residue was dis-
solved in 250 µL of dry pyridine, and compounds containing
carboxyl and hydroxyl groups were converted into trimethyl-
silyl (TMS) esters and ethers, respectively, by adding 250 µL
of bis(trimethylsilyl)trifluoroacetamide (BSTFA) and 50 µL of
trimethylchlorosilane (TMSCl). After the mixture had stood at
70°C for 30 min, the derivatized extracts were analyzed by
GC–MS. 
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(ii) GC–MS analysis procedure. Free sterols were analyzed
and quantified in a Trace 2000 Series gas chromatograph
equipped with a Finnigan Trace MS mass spectrometer, using
helium as carrier gas (35 cm/s), and a J&W DB-1 capillary col-
umn (30 m × 0.32 mm i.d., 0.25 µm film thickness; J&W Sci-
entific, Folsom, CA). The chromatographic conditions were as
follows: initial temperature, 80°C; temperature rate, 4°C/min;
final temperature, 285°C; injector temperature, 290°C; trans-
fer-line temperature, 290°C; split ratio, 1:100.

Steryl glucosides were analyzed and quantified by GC–MS
using a shorter length J&W DB-1 capillary column (15 m ×
0.32 mm i.d., 0.25 µm film thickness). The chromatographic
conditions were as follows (11): initial temperature, 100°C for
3 min; temperature rate, 5°C/min; final temperature, 340°C for
12 min; injector temperature, 320°C; transfer-line temperature,
290°C; split ratio, 1:100.

(iii) Identification and quantification of free sterols and
steryl glucosides. Compounds were identified as TMS deriva-
tives by comparing their mass spectra with the GC–MS spec-
tral library, with data from the literature, and in some cases by
injection of standards. For quantitative analysis, GC–MS was
calibrated with the pure reference compounds stigmasterol and
β-sitosteryl glucoside relative to tetracosane, the internal stan-
dard used. The respective multiplication factors needed to ob-
tain correct quantification of the peak areas were calculated as
an average of six GC–MS runs. All bark and wood extracts
were injected in triplicate.

Mass spectra of ∆7 steryl glucosides (TMS derivatives).
Spinasteryl glucoside: 73 (14.8), 147 (7.1), 204 (100), 217
(13.8), 255 (3.1) 305 (1.4), 361 (2.7), 395 (7.4), 513 (4.0), 667
(0.5), 757 (0.5). Dihydrospinasteryl glucoside: 73 (10.1), 147
(7.2), 204 (100), 217 (13.2), 255 (1.2), 305 (1.3), 361 (1.8), 397
(12.9), 515 (3.5), 669 (0.5), 759 (0.5).

Chemicals. Stigmasterol (95% purity) and tetracosane (99%
purity), BSTFA (99% purity), TMSCl (99% purity),
dichloromethane (analytical grade), and pyridine (analytical
grade) were supplied by Sigma Chemicals Co. (Madrid, Spain).
Pyridine was dried by distillation over sodium hydroxide. Pure
sitosteryl glucoside was isolated from a plant extract enriched
in this steryl glucoside (12).

RESULTS AND DISCUSSION

The different Acacia species studied here, A. longifolia, A.
dealbata, A. melanoxylon, and A. retinodes, presented similar
wood lipid contents (Table 1), 0.3–0.5% of dry wood weight,
which are values of the same order as those previously reported
for A. mangium (10). The lipids contents of the bark samples
(0.9–2.7%) were also very similar between the different Aca-
cia species (Table 1); however, they were generally consider-
ably higher that those found in the corresponding woods.

The GC–MS analysis of the lipophilic extracts of the four
Acacia woods showed that they had very similar compositions,
with FA and sterols as the main components (Fig. 1). Steryl
glucosides were also found in all wood extracts, although in
lower amounts. In addition, we found steryl esters, MG, and

long-chain alcohols among the minor components of the Aca-
cia wood extracts.

Compositions of the Acacia bark extracts were similar;
however, in these extracts long-chain fatty alcohols and MG
were major components, along with FA and alcohols (Fig. 1).
Therefore, the GC–MS chromatograms of the bark lipophilic
extractives were much more complex than those observed for
the corresponding wood extracts (Fig. 1). From a practical
point of view, this could represent a disadvantage when con-
sidering the isolation of particular components. 

Free sterols. As shown in Table 2, free sterols were more
abundant in Acacia woods than in the corresponding bark tis-
sues. Acacia melanoxylon and A. retinodes woods, in particu-
lar, contained notable amounts of these compounds (more than
500 mg of free sterols/kg of dry wood). These results were in
good agreement with those published for A. mangium and A.
crassicarpa (10). However, in these species, such high amounts
of free sterols were found only in heartwood tissues (10). Bark
samples contained around 200–300 mg of sterols/kg of dry
bark.

Two ∆7 sterols, namely, spinasterol and dihydrospinasterol
(Fig. 2), were the main sterols identified in the wood and bark
extracts of A. dealbata, A. melanoxylon, and A. retinodes (Table
2); on the other hand, A. longifolia contained similar amounts
of the homologous ∆5 (stigmasterol and β-sitosterol) and ∆7

(spinasterol and dihydrospinasterol) sterols (Figs. 1 and 2,
Table 2). As mentioned, these sterols have been reported previ-
ously in other Acacia species (7,8,10). However, the simulta-
neous occurrence of ∆5 and ∆7 sterols is quite unusual in woody
plants. Campesterol, stigmastanol, and β-sitostanol also were
found in some wood and bark samples but as minor compo-
nents.

The sterols referred to here were identified based on their
characteristic retention times (11) and on well-documented
fragmentation patterns of their TMS derivatives (13,14). The
homologous ∆5 and ∆7 sterols were easily distinguished by MS:
(i) The ion [M −129]+ was the characteristic base peak of the
TMS derivatives of ∆5 sterols, whereas it was absent from the
mass spectra of the ∆7 sterols; (ii) ∆7 sterols, in particular the
monounsaturated ones, in general presented a strong molecular
ion and lost their lateral chain much more easily, leading to a
characteristic intense peak at m/z 255.

Steryl glucosides. The steryl glucosides present in the lipidic
fraction of Acacia woods and barks accounted for 31.5–159.0
mg/kg of dry wood and 146.0–352.6 mg/kg of dry bark (Table
3). Although it is commonly accepted that complete extraction
of steryl glucosides requires more polar solvents (15), a recent
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TABLE 1
Lipidic Fraction (dichloromethane extractives) Yields (%, dry basis)
of the Four Acacia Wood and Bark Samples

Wood Bark

A. longifolia 0.31 ± 0.01 0.92 ± 0.01
A. dealbata 0.36 ± 0.03 2.00 ± 0.06
A. melanoxylon 0.50 ± 0.03 2.04 ± 0.06
A. retinodes 0.31 ± 0.01 2.71 ± 0.09



publication showed that similar yields could be obtained with
dichloromethane (16); and in the case of woody plants, we ob-
served that after extraction with dichloromethane, only small
amounts of steryl glucosides (less than 3%) remained in the
sample (12,17). Therefore, these values are expected to be rep-

resentative of the total content of steryl glucosides of the dif-
ferent Acacia wood and bark tissues.

As observed with free sterols, the ∆7 steryl glucosides, that
is, spinasteryl glucoside and dihydrospinasteryl glucoside,
were identified in A. dealbata, A. melanoxylon, and A. retin-
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FIG. 1. GC–MS chromatograms, obtained with a 15-m DB-1 capillary column (J&W Scientific,
Folsom, CA), of the lipidic fraction extracts of the Acacia longifolia wood and bark. 16:0,
palmitic acid; 18:2, linoleic acid; 18:1, oleic acid; 18:0, stearic acid; IS, internal standard; 1,
stigmasterol; 2, spinasterol; 3, β-sitosterol; 4, β-sitostanol; 5, dihydrospinasterol; 6, campesteryl
glucoside; 7, stigmasteryl glucoside; 8, spinasteryl glucoside; 9, β-sitosteryl glucoside; 10, di-
hydrospinasteryl glucoside.

TABLE 2
Free Sterols Identified in Acacia Wood and Bark Lipidic Fractions (mg/kg of the plant fraction dry weight)a

A. longifolia A. dealbata A. melanoxylon A. retinodes

tR Wood Bark Wood Bark Wood Bark Wood Bark

Campesterol 54.64 4.34 — — — — — — —
Stigmasterol 55.11 60.8 40.3 — — — — — —
Stigmastanol 55.27 8.73 — — — — — — —
Spinasterol 55.97 127.7* 111.2* 171.9 145.5 325.6 95.8 358.6 191.7
β-Sitosterol — — — — — —
β-Sitostanol 56.12 24.6 43.5 18.5 — 20.6 13.9 7.43 —
Dihydrospinasterol 56.81 108.9 125.9 190.6 113.9 274.5 102.9 285.6 92.2

Total 335.07 320.9 381.0 259.4 620.7 212.6 651.63 283.9
aObtained with a 30-m DB-1 column (J&W Scientific, Folsom, CA). (Note that this column is different from that used in Fig. 1.) *Sum of the abundances of
co-eluting spinasterol and β-sitosterol. tR, retention time (min). A dash indicates “not detected.”



odes wood and bark lipids (Figs. 1, 2), whereas a mixture of
the homologous ∆5 and ∆7 steryl glucosides was found in the
wood and bark lipophilic extracts of A. longifolia (Figs. 1, 2).
To our knowledge, steryl glucosides have not been reported
previously as Acacia wood and bark components, although
spinasteryl glucoside and dihydrospinasteryl glucoside have
been reported as components of A. concinna seed pods (18). In
addition, steryl glucosides are not common components of
woody plants, although spinasteryl glucoside has been reported
as a component of Albizia julibrissin bark (19).

Steryl glucosides were also identified by GC–MS as TMS de-
rivatives based on their characteristic fragmentation patterns
(12,15,20). However, the mass spectra of the TMS derivatives of
∆5 and ∆7 steryl glucosides were very similar: The molecular

ions were not observed, but their M.W. could be determined
based on the mass of the [M − 15]+, [M − 15 − 90]+, and [M −
15 − 90 − 90]+ ions. Cleavage of the sterol 3-C–O bond with
charge retention on the sterol portion produced intense ions cor-
responding to the sterol moiety, that is, 383 for campesteryl glu-
coside, 395 for stigmasteryl and spinasteryl glucosides, and 397
for β-sitosteryl glucoside and dihydrospinasteryl glucosides, re-
spectively. Finally, charge retention on the monosaccharide por-
tion and cleavage of the C–O-glucosidic bond gave characteris-
tic ions of the hexoses at m/z 451, 361, 217, 204, and 147. Fur-
thermore, the ion at m/z 204 was very prominent, which is an
indication of the hexose pyranoside configuration (19).

The distinction between the homologous ∆5 and ∆7 steryl
glucosides was then established based on previous knowledge
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FIG. 2. Structures of the main phytosterols and steryl glucosides identified on the lipophilic fraction of the Acacia
woods and barks studied here. glc, glucose moiety.

TABLE 3
Steryl Glucosides Identified in Acacia Wood and Bark Lipidic Fractions (mg/kg of the plant fraction dry weight)a

A. longifolia A. dealbata A. melanoxylon A. retinodes

tR Wood Bark Wood Bark Wood Bark Wood Bark

Campesteryl glucoside 42.70 35.7* — — — — — — —
Stigmasteryl glucoside 42.94 — — — — — — —
Spinasteryl glucoside 43.42 44.4** 88.2** 11.9 186.4 80.3 170.5 59.3 —
Sitosteryl glucoside — — — — — —
Dihydrospinasteryl glucoside 43.90 29.6 57.8 19.6 166.2 78.7 92.0 66.4 —

Total 109.7 146.0 31.5 352.6 159.0 262.5 125.7 —
aObtained with a 15-m DB-1 column (J&W Scientific, Folsom, CA). (Note that these are the same column and chromatographic conditions as shown in Fig.
1.) *Sum of the abundances of partially overlying campesteryl glucoside and stigmasteryl glucoside; **sum of the abundances of co-eluting sitosteryl gluco-
side and spinasteryl glucoside. tR, retention time (min). A dash indicates “not detected.”



of the retention times of ∆5 steryl glucosides (12) and on the
co-injection of a sample enriched in these compounds (12), as-
suming that they presented the same profile as that observed
with the corresponding free sterols. Therefore, the ∆7 steryl glu-
cosides, spinasteryl glucoside, and dihydrospinasteryl gluco-
side eluted after the corresponding ∆5 steryl glucosides, stig-
masteryl glucoside, and β-sitosteryl glucoside. 

Steryl esters were detected only in the wood and bark of A.
longifolia. The peaks assigned to steryl esters (Fig. 1) showed
characteristic retention times and fragmentations of this group
of compounds (21). However, the presence of some other un-
expected fragments suggests that such peaks co-eluted with
other components and therefore unambiguous identification
was not possible.

Finally, acylsteryl glucosides, normally detected together
with steryl glucoside, were not found in the present study, al-
though they could have been detected easily under the experi-
mental conditions used (17,20).

In conclusion, the wood and bark of the Acacia species inves-
tigated were rich natural sources of bioactive sterols, particularly
of the ∆7 sterols spinasterol and dihydrospinasterol (which can
be easily isolated by simple solvent extraction), as well as of the
corresponding steryl glucosides. A wide variety of biological ac-
tivities have been attributed to these sterols. The effect of spinas-
terol on reducing plasma and liver cholesterol levels has been
recognized for many years (22). The antitumorigenic potential
of spinasterol also was demonstrated previously (23), and more
recently, spinasterol was found to have considerable therapeutic
potential in modulating the development and/or progression of
diabetic nephropathy (24). On the other hand, dihydrospinasterol
showed a potent inhibitory effect on the Epstein–Barr virus early
antigen (25), whereas its glucoside exhibited anticarcinogenic
and cytotoxic potential (26).
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ABSTRACT: Active lipases were isolated from the culture su-
pernatant of the basidiomycetous fungus Pleurotus sapidus by
foam fractionation. The pH value, the gas flow, and the foaming
period were systematically varied to optimize the transport of the
enzymes into the foam phase. On a 70-mL scale, a maximum re-
covery of hydrolytic activity of 95% was obtained at pH 7.0 and
60 mL N2 min–1 after 50 min. The procedure, with minor modifi-
cations, was also applicable to native pellet cultures of P. sapidus.
The same recovery of 95% was achieved, with purification and
enrichment factors of 11.6 and 28.0, respectively.

Paper no. L9684 in Lipids 40, 323–327 (March 2005).

Foam fractionation belongs to the group of adsorptive bubble
separation techniques. As bubbles rise through a liquid phase
that contains the target solute, the most surface-active mole-
cules preferentially adsorb onto the interfacial area. Bubbles
leaving the surface of the feed solution carry both adsorbed
compound and bulk liquid into the emerging column of foam.
The interstitial liquid drains back along the lamella of the bub-
bles and returns nonadsorbed solutes to the retentate. The
emerging foam does not reach a thermodynamic equilibrium;
it becomes drier, shows coalescence, and finally collapses into
a liquid foamate. Because of the high surface-to-volume ratio
of a foam, the foamate is enriched in the surface-active target
compound. Ostwald (1) investigated foam fractionation for the
isolation of natural compounds and attained patent protection
of this technology as early as 1920. In recent years, foam frac-
tionation has been increasingly researched for the separation of
surface-active, low-molecular-mass compounds from diluted
aqueous solutions (2,3). As amphiphilic species, proteins are
foaming agents, and several researchers have used foam frac-
tionation successfully for the isolation of β-casein and plant
storage proteins (4,5). However, by adsorption of a protein onto
the anisotropic gas–liquid interface, partial unfolding of the ter-
tiary structure may occur, resulting in a decrease or loss of
bioactivity (6,7). Generally, the ability to develop a stable foam
depends on the surface properties of the protein molecules (8).
With increasing hydrophobicity, the surface tension of the so-
lution decreases and the concentration of the target protein in

the foam is increased (9,10). The dynamics of foam formation,
foam structure, and foam properties are affected by a number
of operational parameters, e.g., gas flow rate (11). Mathemati-
cal models of foam fractionation processes have been compiled
by Du et al. (3) and Suzuki and Maruyama (12).

Typically, lipases are bipolar molecules distinguished by an
interfacial mode of catalytic action (13), which may render
them particularly suitable for isolation by foam fractionation.
In submerged cultures of fungi, some of the lipases are secreted
into the growth medium (14,15). This suggests their immediate
separation by a batch-type foaming of the nutrient medium. In
this study, lipases were produced by the basidiomycete Pleuro-
tus sapidus, using Tween 80 as an inducer, and were isolated
from either the clear supernatant or the pellet suspension cul-
ture. 

METHODS

Chemicals. Tris hydrochloride and agarose were obtained from
Roth (Karlsruhe, Germany); manganese sulfate monohydrate,
ammonium nitrate, BSA, and dipotassium hydrogen phosphate
were from Fluka (Seelze, Germany); D-(+)-glucose monohy-
drate, L-asparagine monohydrate, yeast extract, potassium di-
hydrogen phosphate, sodium hydroxide, hydrochloric acid,
Coomassie Brilliant Blue G-250, and EDTA were from Merck
(Darmstadt, Germany); Tween 80, magnesium sulfate, fer-
rous(III) chloride × 6H2O, calcium chloride × 2H2O, sodium
chloride, and copper sulfate × 7H2O were from Riedel-de Haën
(Seelze, Germany); and zinc sulfate × 7H2O and phenol-
phthalein were from J.T.Baker B.V. (Deventer, The Nether-
lands). Ethanol (96%) was from Kraul & Wilkening und Stelling
(Hannover, Germany). High-purity water was prepared with an
E-pure water purification system (Barnstead, Dubuque, IA).

Cultivation and lipase production. Mycelia of P. sapidus
[8266 DSM (Deutsche Sammlung von Mikroorganismen und
Zellkulturen)] were maintained on 1.5% agar plates with stan-
dard nutrient liquid (SNL) medium according to Zorn et al.
(15). Precultures of P. sapidus were prepared from a mycelial
block (1 cm2) as inoculum, which was excised from the agar
plate and placed in a 300-mL Erlenmeyer flask containing 100
mL of SNL medium. After treatment with an UltraTurrax ho-
mogenizer (Janke & Kunkel, Staufen, Germany), the fungal
culture was incubated for 7 d at 150 rpm and 24°C. For the pro-
duction of lipase, three different main cultures were prepared
in 500-mL Erlenmeyer flasks containing 250 mL SNL, 250 mL
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SNL without glucose, and 250 mL mineral salt medium by
transferring 20 mL of the preculture into each flask (15). The
secretion of lipase into the medium was induced by addition of
0.4% (vol/vol) Tween 80 to the main cultures, which were then
incubated at 150 rpm and 24°C. At the time of maximal lipase
activity, the supernatant was separated from the mycelium by
filtration under reduced pressure (filter paper #595; Schleicher
& Schuell, Dassel, Germany). Media and equipment were au-
toclaved prior to use, and sterile techniques were applied
throughout the procedures.

Protein determination. Protein concentration was deter-
mined according to Lowry et al. (16) using BSA as a standard.

Lipase assay. Hydrolytic activity was quantified by moni-
toring the FFA resulting from the hydrolysis of Tween 80 by a
titrimetric assay. Samples were adjusted to pH 7.0 with 0.1 M
NaOH or 0.1 M HCl. The reaction mixture containing 2.16 g
of Tween 80, 5 mL of 50 mM Tris/HCl buffer, pH 7.0, and 2
mL of test solution were incubated in a water bath at 37°C and
160 rpm for 15 to 60 min depending on enzyme activity. The
reaction was terminated by adding 5 mL of ethanol. Blanks
were prepared with an inactivated enzyme solution. The FFA
were titrated with 50 mM NaOH using 2% ethanolic phenol-
phthalein as an indicator. The lipase activity was calculated
from the difference between the blank and the sample. One unit
of enzyme was defined as 1 µmol of FFA released per minute
under the specified conditions.

Isoelectric focusing (IEF) and lipase activity staining. IEF
PAGE was performed on a Multiphor II system (Pharmacia
LKB) using ServalytTM PrecotesTM precast gels with an immobi-
lized pH gradient of pH 3 to 6 (Serva, Heidelberg, Germany).
The isoelectric point (pI) of the lipase was estimated using a low-
pI (2.8 to 6.5) calibration kit (Amersham Biosciences, Freiburg,
Germany). Gels were silver stained. For activity staining, a
Tween 80–agarose-overlay gel was developed. Agarose (2%)
was dissolved in a solution of 0.004 mg mL–1 Tris and 0.0125
mg mL–1 NaCl under boiling. Equivalent volumes of 0.5 mg
mL–1 Tween 80 and 0.01 mg mL−1 CaCl2 were added, and the
pH was adjusted to 7.0 using 0.01 N NaOH. After focusing, the
IEF gel was incubated on the Tween 80–agarose overlay at 37°C
for 3.5 h, and the overlay gel was covered with 0.1 N NaOH to
visualize the hydrolytic activity.

Configuration of equipment and experimental procedure for
foam fractionation. The foaming device consisted of a cylin-
drical glass chamber (length, 18 cm; diameter, 3 cm) with a
porous frit (P3, porosity 16 to 40 µm), a column (length, 27 cm;
diameter, 1.6 cm), a glass bowl (250 mL, 7.7 cm equatorial di-
ameter, or 500 mL, 9.5 cm equatorial diameter), a horseshoe
bend, and a receiving flask (Fig. 1). Experiments were carried
out with 70 mL of enzyme solution. Nitrogen was passed
through the frit, and the rising foam collapsed in the receiver.
Samples for protein and activity analyses were taken from the
initial solution, from the foamed sample solution (retentate),
and from the liquefied foam.

Calculations. The following calculations were made for
each foam fractionation: 

[1]

[2]

[3]

[4]

All quantitative data represent average values of at least dupli-
cate analyses. 

RESULTS

Influence of medium composition on extracellular lipase activ-
ity. The extracellular lipase activity of P. sapidus cultures con-
taining different carbon sources was determined over a period
of 7 d. The highest hydrolytic activity (312 U L–1) was ob-
served after 5 d in SNL medium without glucose (Fig. 2). This
supernatant was used for foam fractionation as described in the
following section.

Foam fractionation of lipases from the culture supernatant.
The Rp and Ra were examined at varying pH values of the en-
zyme-containing solutions. The following parameters were held
constant: 40 mL N2 min–1, 50-min foaming period, 24°C. The
pH was adjusted from 5.0 to 8.0 with 0.1 N NaOH or 0.1 N HCl,
respectively. The optimal pH value was 7.0, where 54% of activ-
ity was received in the foam, and the loss of activity during the
fractionation process was about 5%. The minimal recovery in
the foam and a loss of activity of 28% were observed at pH 8.0
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FIG. 1. Scheme of the foam fractionation device.



(Fig. 3). The kinetics of enzyme transport into the foam phase
was investigated over a period of 90 min. A foaming period of
50 min gave the highest Ra. By increasing the gas flow to 60 mL
min–1, the recovery of hydrolytic activity rose to 95% (Fig. 4). A
marginal loss of total activity (2.8%) was observed, i.e., 2.2% of
activity remained in the retentate. P was calculated as 2.9, and E
was 3.3.

Foam fractionation of the native pellet culture. When a na-
tive suspension culture of P. sapidus was submitted to the
foaming procedure, most of the mycelium pellets remained in
the retentate. Some smaller pellets rose up with the foam and
were easily separated using a suction filter funnel. The recov-
ery of hydrolytic activity in the liquefied, cell-free foam was
93%, with a loss of total activity of 6%. P was estimated as 3.0
and E was 3.8. To observe the kinetics of transport of lipases
during the foaming period, samples were drawn every 5 min,
and the liquefied samples were tested for activity on a Tween
80–agarose gel. Hydrolytic activity was detectable in each of
the foam fractions, but no quantitative analyses were per-
formed.

To increase the E and P of foam fractionation of the suspen-
sion culture, the volume of the glass bowl was doubled to 500

mL. The aging foam became drier due to the increased drainage
effect. As a result, the E and P were significantly enhanced
(Fig. 5).

DISCUSSION

Separation of active lipases. Foam systems consist of a thin liq-
uid film including a gas phase (10,17). The two phases are sep-
arated by a thin interfacial region to which amphiphilic solutes
may adsorb. It has been common academic opinion that ad-
sorption of an enzyme onto an interface comes along with de-
naturation (18). Betancor et al. (19) successfully prevented en-
zyme inactivation by coating the enzyme surface using a hy-
drophilic shell of dextran-aldehyde. In the present study, no
modifications of the protein structure were necessary to sepa-
rate active lipases from growing cultures of P. sapidus (Fig. 2)
by foam fractionation. 

pH dependence. Surface activity, stability, and packaging at
the gas–liquid interface of a protein are maximal at its pI
(20–22). Accordingly, transport of the target protein into the
foam phase should be most efficient at its pI. However, the
maximal transport of the lipase of P. sapidus was observed at
pH 7.0 (Fig. 3), far from the pI of the native isoenzymes (4.5 to
5.4), and only about 3 to 6% of the catalytic activity of the en-
zymes was lost during the process (Fig. 4). 
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FIG. 2. Lipase production as affected by the carbon source. Standard
nutrient liquid (SNL) medium containing 3% (wt/vol) glucose and 0.4%
(vol/vol) Tween 80 (l) (solution became highly viscous after 5 d); SNL
without glucose but 0.4% (vol/vol) Tween 80 (s); mineral salt medium
with 0.4% (vol/vol) Tween 80 (n).

FIG. 3. Recovery of lipase activity in the foam after foam fractionation
from culture supernatant as a function of pH (50 min, 40 mL N2 min–1,
24°C, 250-mL glass bowl).

FIG. 4. Recovery of lipase activity in the foam phase after foam frac-
tionation from culture supernatant as a function of flow rate (pH 7.0, 50
min, 24°C, 250-mL glass bowl).

FIG. 5. Recovery of activity (Ra) and total protein (Rp), purification fac-
tor (P), and enrichment factor (E) of foam fractionation from native sus-
pension cultures of Pleurotus sapidus (pH 7.0, 50 min, 24°C, 500-mL
glass bowl).



Liu et al. (23) accumulated about 40% of trypsin and about
50% of catalase activity from aqueous solutions into the foam.
In the absence of a detergent, recoveries depended on the type
of sparging gas used rather than on the actual pH value. In the
present experiments, however, the loss of total hydrolytic ac-
tivity increased with an increasing distance from the pH opti-
mum (Fig. 3). 

Effect of Tween 80. As mentioned, the optimal pH value for
the separation process was 7.0 and not the pI. This is explained
by residual amounts of the lipase inducer, Tween 80, in the feed
solution. The detergent may have formed associations with the
enzyme molecules possessing deviating apparent pI values.
Proteins are generally less surface active than low-molecular-
mass detergents, such as polyoxyethylene sorbitan mono-
stearate, because of the high free energy levels of protein cov-
erage of the interface (8). The addition of Tween 80 to
processed foods, such as bakery products and ice cream, is
common in Europe (EU Declaration Numbers E491 to E495)
and in other countries worldwide. Looking at the low absolute
concentration of technical enzymes, a carryover into processed
foods may be tolerable. 

Gas flow. Gas flow was identified as another quantifiable pa-
rameter of the foaming process. Flow rates of 6 mL min–1 re-
sulted in a distinct degradation of β-glucosidase (24). Lipases
in the present study were more shear tolerant, as indicated by
the quantitative transport of the hydrolytic activity at a gas flow
rate of 60 mL min–1 (Fig. 4).

Design of the foam fractionation device. Foam drainage and
competition for the interface determine the E of a protein and
hence the overall efficiency of the separation. Whereas the pop-
ulation of molecules at the interface depends on chemical pa-
rameters, such as concentration, hydrophobicity, diffusivity,
and conformational flexibility (10), the drainage (or kinetic sta-
bility) of a foam can be affected by processing parameters, such
as flow rate, and by the design of the foaming device. As in pre-
vious work on low-molecular-mass compounds (5), lengthen-
ing the height of the foaming column was inefficient. Doubling
the volume of the glass bowl improved the E and P (Fig. 5).
Under the conditions chosen, the process time was long enough
to allow for adequate drainage of the interstitial liquid and short
enough to minimize protein residence and unfolding at the in-
terface. Because the liquid film of the lamella drained continu-
ously, the final volume of the liquefied foam was much smaller
than the volume of the feed phase.

Comparison with alternative processes. Conventional pu-
rification processes of two lipase isoforms of Candida rugosa
(Lip1 and Lip2) by precipitation, hydrophobic interaction chro-
matography, dialysis, and anionic exchange chromatography
recovered 45% of Lip1, with P of 5.3, and 4.7% of Lip2, with
P of 4.1 (25). Yadav et al. (26) purified a lipase from As-
pergillus terreus in five steps with a yield of 18% and a P of
11.9. The present experiments yielded lipase recoveries of 95%
of total activity, with P of 11.6. Because an increase in hy-
drophobicity leads to a corresponding increase in protein ad-
sorption onto the gas–liquid interface, the results indicate that
fungal lipases appear to possess sufficient hydrophobic moi-

eties to be suitable for a separation by foam fractionation. In
line with this consideration, Fernandes et al. (9) attached a hy-
drophobic fusion tag (Trp-Pro)4 to a recombinant cutinase from
Fusarium solani pisi and achieved higher recoveries in the
foam (98%) as compared with the wild-type cutinase (52%).
Thus, foam fractionation of fungal lipases offers potential as a
valuable component of novel purification schemes.
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ABSTRACT: Apolipoprotein E (apoE), an important determinant
of plasma lipoprotein metabolism, has three common alleles (ε2,
ε3, and ε4). Population studies have shown that the risk of diseases
characterized by oxidative damage, such as coronary heart disease
and Alzheimer’s disease, is significantly higher in ε4 carriers. We
evaluated the association between apoE genotypes and plasma F2-
isoprostane levels, an index of lipid peroxidation, in humans. Two
hundred seventy-four healthy subjects (104 males, 170 females;
46.9 ± 13.0 yr; 200 whites, 74 blacks; 81 nonsmokers, 64 passive
smokers, and 129 active smokers) recruited for a randomized clini-
cal antioxidant intervention trial were included in this analysis.
ApoE genotype was determined by PCR and restriction enzyme di-
gestion. Free plasma F2-isoprostane was measured by GC–MS.
Genotype groups were compared using multiple regression analy-
sis with adjustment for sex, age, race, smoking status, body mass
index, plasma ascorbic acid, and β-carotene. Subjects with ε3/ε4
and ε4/ε4 genotype (ε4-carriers) and with ε2/ε3 and ε3/ε3 (non-ε4-
carriers) were pooled for analysis. In subjects with high cholesterol
levels (total cholesterol above 200 mg/dl), plasma F2-isoprostane
levels were 29% higher in ε4 carriers than in non-ε4-carriers (P =
0.0056). High-cholesterol subjects that are ε4 carriers have signifi-
cantly higher levels of lipid peroxidation as assessed by circulating
F2-isoprostane levels.

Paper no. L9670 in Lipids 40, 329–334 (April 2005).

Apolipoprotein E (apoE) genotype is recognized as a determi-
nant of cardiovascular disease and Alzheimer’s disease (AD)
risk (1–5). The majority of the apoE protein is produced by the
liver and is traditionally known as a mediator of lipoprotein
metabolism in both hepatic and extrahepatic tissue (6,7). In the
circulation, it is found as an integral component of chylomi-
crons (CM), VLDL, and HDL. In addition to being centrally
involved in lipoprotein metabolism, new localized roles for
apoE in cardiovascular biology have recently been identified
(8,9). 

Point mutations in the gene locus for apoE, located on the

long arm of chromosome 19, result in changes in the primary
structure of the 299-amino acid protein end product with
Arg/Cys substitutions at positions 112 and 158 (apoε2 Cys 112
Cys 158, apoε3 Cys 112 Arg 158, apoε4 Arg 112 Arg 158). In
all populations, the ε3 allele is the most frequent. Apoε3 ho-
mozygotes (ε3/ε3), apoε2 heterozygotes and homozygotes
(ε2/ε3, ε2/ε2), and ε4 heterozygotes and homozygotes (ε3/ε4,
ε4/ε4) constitute approximately 55–70, 5–15, and 20–35%, re-
spectively, of North American and European populations
(10,11). Numerous observation studies have confirmed that
chronic diseases such as coronary heart disease (CHD), stroke,
and AD are significantly higher in ε4 carriers (1–5). In a meta-
analysis of 10 published studies, Wilson and co-workers (1) re-
ported odds ratios (OR) of CHD of 0.76–2.44 for clinical CHD
associated with carrying the ε4 allele relative to the common
ε3/ε3 genotype. Furthermore, apoE genotype is highly predic-
tive of maturity-onset AD. In a community-based study involv-
ing 6,000 AD patients, the OR for AD was 3.2 and 14.9 in
ε3/ε4 and ε4/ε4 (1–3% of Westernized populations), respec-
tively, when individuals were compared with matched controls
(ε3/ε3) (4). These differences in disease risk have traditionally
been attributed to higher circulating LDL cholesterol (LDLC)
levels in the apoε4 subgroups, which are thought to be due to
the combined effects of reduced hepatic LDL-receptor expres-
sion, increased VLDL to LDL conversion, and an increased uti-
lization of dietary cholesterol (12–14) in this subgroup. How-
ever, it is unlikely that the 3–8% higher LDLC observed in
apoε4 carriers (14,15) is solely responsible for the increased
CHD and AD incidence. 

It is well recognized that free radical-mediated oxidative stress
is involved in both the initiation and progression of many chronic
diseases (16–19). Sources of oxidative stress include exogenous
factors such as cigarette smoke or UV light exposure as well as
endogenous sources such as reactive oxygen/nitrogen species
(ROS/RNS) produced during normal physiological processes in-
cluding phagocytosis and oxidative phosphorylation (18). 

We hypothesize that the pathogenesis of these oxidative
stress-associated diseases may be attributable in part to a dif-
ferential antioxidant capacity of the endogenous apoE iso-
forms. Reduced antioxidant function of apoε4 has previously
been described in in vitro, cell culture, animal, and ex vivo
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models of AD (20–22). Studies in mice have shown that F2-
isoprostanes, a lipid peroxidation biomarker of oxidative stress,
are increased in the brains of apoE-deficient mice (22), indicat-
ing that apoE may be associated with oxidant/antioxidant bal-
ance in vivo. Studies in Alzheimer patients showed that lipid
peroxidation was significantly elevated in tissues of subjects
who are homozygous for the ε4 allele compared with ε3/ε3
cases and controls (23). However, the impact of apoE genotype
on oxidative stress status in nondiseased, apparently healthy
individuals is largely unknown and is the subject of the current
investigation. 

SUBJECTS AND METHODS

Subjects (81 nonsmokers, 64 passive smokers, and 129 active
smokers) were enrolled in an intervention study on the effect
of antioxidant supplements on oxidative damage in active and
passive smokers (24). The study was conducted in Berkeley
and Oakland, California, between 1998 and 1999, and was ap-
proved by the institutional review boards of the University of
California, Berkeley, and of Kaiser Permanente. Exclusion cri-
teria for participation in the study were reported consumption
of ≥4 servings of fruit and vegetables per day; intake of more
than 2 alcoholic drinks per day; a history of alcohol problems
less than 1 year ago; pregnancy; use of blood-thinning drugs; a
history of hemochromatosis, kidney stones, or any other kid-
ney problems, hepatitis, diabetes, or HIV infection; and cancer,
stroke, or heart attack within the past 5 years. The detailed de-
sign of the antioxidant intervention study on active smokers
and passive smokers is described elsewhere (24,25). Baseline
plasma samples from the intervention study were used for this
analysis.

Clinical protocols. Blood samples were obtained from all
participants after an overnight 12-h fast. Venous blood was
drawn into EDTA vacutainers and centrifuged at 5°C for 10
min at 1200 × g. Plasma isolation and freezing of samples
(−70°C) was conducted within 1 h of taking the sample. Plasma
measures included carotenoids, ascorbic acid, α- and γ-tocoph-
erol, cholesterol, LDLC, HDL cholesterol, triglycerides (TG),
transferrin saturation, C-reactive protein, malondialdehyde, F2-
isoprostanes, and cotinine. All participants completed the 1998
version of the Block food-frequency questionnaire. Other data
obtained included body mass index (BMI), blood pressure, and
alcohol intake. 

Laboratory measurements. (i) Measurement of F2-iso-
prostanes in plasma. Free F2-isoprostane levels in plasma were
quantified, after purification and derivatization, by selected ion
monitoring GC/negative ion chemical ionization-MS employ-
ing [2H4]8-iso-PGF2α as an internal standard. Compounds were
analyzed as pentafluorobenzyl ester and trimethylsilyl ether de-
rivatives by monitoring the M − 181 ions (m/z 569 Da for en-
dogenous F2-isoprostane and m/z 573 Da for [2H4]8-iso-
PGF2α). This assay has an intra-individual variability precision
of ±6% and an accuracy of 96% as measured by using an inter-
nal standard. Interday variability is <6% (26).

(ii) Measurement of apoE genotype. Genomic DNA was

isolated from buffy coat using the QIAamp DNA Blood Mini
Kit protocol (Qiagen Ltd., Crawley, United Kingdom), fol-
lowed by PCR to amplify specific sequences of DNA as de-
scribed earlier (14). ApoE genotype was identified by restric-
tion enzyme digestion with PAGE used to separate the PCR
fragments. Individual genotypes were characterized from the
fragment patterns. 

(iii) Plasma analysis. Carotenoids were measured by RP-
HPLC (27). Ascorbic acid was determined spectrophotometri-
cally using 2,4-dinitrophenylhydrazine as a chromogen (28).
Concentrations of cotinine were determined by GC with nitro-
gen-phosphorus detection (29,30). Total cholesterol and TG
levels were measured by end point spectroscopy (Sigma-
Aldrich, St. Louis, MO).

Statistical analysis. Statistical analyses were conducted
using SAS Version 8.2 (Cary, NC). Subjects with ε3/ε4 and
ε4/ε4 genotypes were pooled due to small sample size in the
ε4/ε4 genotype group. Non-ε4 subjects (ε2/ε3, ε3/ε3) were
pooled to serve as the reference group. Subjects with ε2/ε4
genotype were excluded due to small sample size (n = 5). Sub-
jects of race other than white and black were also excluded
owing to the small sample size. Multiple regression analysis
was conducted with the dependent variable plasma F2-iso-
prostanes log-transformed. Variables examined as potential co-
variates included sex, race, age, BMI, smoking status, plasma
vitamin C, α-tocopherol, γ-tocopherol, β-carotene, HDL cho-
lesterol, LDLC, total cholesterol, TG, and cotinine levels. Po-
tential effect modification was examined, including interac-
tions of genotype with baseline plasma antioxidant levels, sex,
race, total cholesterol, and LDLC. In Tables 2 and 3 the data
are dichotomized by total cholesterol above and below 200
mg/dL.

RESULTS

One hundred four male and 170 female subjects were included
in the analysis, with a mean (±SD) age of 46.9 ± 13.0 yr. In
Table 1, apoε4 carriers (n = 73) and noncarriers (n = 201) were
compared. No significant differences at P < 0.05 between these
two groups were evident for any of the outcomes measured.
However, the expected trends toward higher LDLC and total
cholesterol in ε4 carriers were observed, although the 5–7% in-
tergroup differences did not reach statistical significance.

While examining effect modification, a significant interac-
tion between apoE genotype and plasma total cholesterol lev-
els was found (P = 0.014). Therefore, subsequent stratification
analysis was performed on the subgroups with circulating cho-
lesterol levels above or below the clinical standard of total cho-
lesterol (200 mg/dL). The subject characteristics were similar
for the high and low cholesterol group (data not shown).

As shown in Table 2 and Figure 1, the apoε4 genotype was
significantly associated with higher plasma F2-isoprostane lev-
els among high-cholesterol subjects (P = 0.0056), with 29%
higher levels evident in this subgroup. Cholesterol, TG, and the
lipid-soluble antioxidant vitamins α- and γ-tocopherol were in-
vestigated as possible covariates. They were not significantly
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TABLE 1
Baseline Characteristics for All Subjects, and by Apolipoprotein (apoE) Genotype

ApoE genotype

All subjects ε3/ε4 and ε4/ε4 ε2/ε3 and ε3/ε3

Subject characteristics (n = 274) (n = 73) (n = 201) P value

Sex
Male 104 31 73 0.354
Female 170 42 128

Race
White 200 47 153 0.053
Black 74 26 48

Current smoking status
Nonsmoker 81 19 62 0.176
Passive smoker 64 13 51
Smoker 129 41 88

Body mass index (kg/m2)
Normal weight (<25) 94 24 70 0.296
Overweight (25–29.9) 101 32 69
Obese (≥30) 79 17 62

Age (yr) 46.9 (13.0)a 45.7 (12.5) 47.1 (13.3) 0.431

Plasma measuresb

F2-isoprostanesc (pmol/L) 129.2 (70.1) 133.7 (72.5) 127.9 (70.4) 0.546
Ascorbic acid (mg/dL) 0.96 (0.45) 0.93 (0.48) 0.97 (0.44) 0.575
β-Carotene (µg/dL) 16.3 (17.0) 14.9 (12.3) 16.8 (18.6) 0.332
Cholesterol (mg/dL) 197.1 (44.1) 204.6 (49.0) 194.4 (41.9) 0.091
TG (mg/dL) 115.8 (69.5) 121.7 (70.8) 113.7 (69.8) 0.400
HDLC (mg/dL) 41.6 (12.3) 41.5 (14.3) 41.6 (11.4) 0.980
LDLC (mg/dL) 132.4 (38.9) 138.7 (43.4) 130.1 (36.6) 0.104
α-Tocopherol (mg/dL) 1.5 (0.6) 1.6 (0.7) 1.5 (0.6) 0.183
γ-Tocopherol (mg/dL) 0.28 (0.15) 0.30 (0.19) 0.27 (0.14) 0.231

aMeans (SD).
bPlasma values shown are unadjusted for covariates.
cArithmetric means. LDLC, LDL cholesterol; HDLC, HDL cholesterol.

TABLE 2
Adjusted Mean F2-Isoprostane Levels by Genotype in Subjects
with Plasma Total Cholesterol Above 200 mg/dL (n = 112)

Adjusteda mean  
F2-isoprostane

Factor level (pmol/L) F statisticb P valuec

ApoE genotype 8.02 0.0056
ε3/ε4 and ε4/ε4 115.7 (98.4, 136.1)
ε2/ε3 and ε3/ε3 89.8 (80.3, 100.5)

Sex 12.84 0.0005
Age 0.73 0.3957
Race 17.93 <0.0001
Current smoking status 4.72 0.0109
Body mass index 7.78 0.0007
Plasma ascorbic acid 10.33 0.0018
Plasma β-carotene 17.49 <0.0001
aAdjusted for the other variables shown.
bThe F statistic measures the contribution of each variable to the prediction
of plasma F2-isoprostane levels.
cThe P value represents the result after adjustment for all the other variables
shown, performed by multiple regression analysis. 

FIG. 1. Plasma F2-isoprostane levels by genotype in subjects with
plasma total cholesterol above 200 mg/dL. These are adjusted means
(±SE); *significantly different: P = 0.0056.



associated with the dependent variable F2-isoprostanes and
therefore not included in the model, with inclusion/exclusion
having little effect on the overall apoE/isoprostane relationship
(data not shown). 

No statistically significant association was observed be-
tween apoE genotype and F2-isoprostane levels in individuals
with a cholesterol level <200 mg/dL (P = 0.3987, Table 3). In
addition, strong significant independent associations between
sex, race, smoking status, BMI, plasma ascorbic acid, β-
carotene, and circulating F2-isoprostane were observed in both
cholesterol subgroups. This has been previously reported by
our group (31).

DISCUSSION

The effect of apoE genotype on LDL cholesterol cannot alone
explain the differences in AD and CHD risk between ε4 carri-
ers and the ε2 and ε3 subgroups. In advanced atherogenesis, a
significant proportion of total apoE is produced by macro-
phages within the arterial lining (32). It is speculated that any
differences in the antioxidant capacity of the apoE isoforms
within the antioxidant-depleted, transition metal-rich environ-
ment of the vascular intima, which is rich in free radical-pro-
ducing inflammatory cells, could make a significant contribu-
tion to atherogenesis.

In the current investigation, circulating levels of F2-iso-
prostanes were used as an index of oxidative stress and lipid
peroxidation. F2-Isoprostanes have been widely used as a sen-
sitive and specific marker of lipid peroxidation with signifi-
cantly higher levels evident in CHD patients compared with
matched controls (33). Specifically, levels have been shown to
increase with advancing age, smoking, hypercholesterolemia,
and diabetes (34–39). Furthermore, in addition to serving as an
oxidative marker, F2-isoprostanes exert direct proatherogenic
proinflammatory properties and have been shown to act as
vasoconstrictors and to stimulate platelet activation (33). 

Our finding of higher plasma F2-isoprostane levels in hy-

percholesterolemic individuals was consistent with earlier find-
ings (38,39). For example, in the study of Davi and coworkers
(39), a greater than twofold higher F2-isoprostane level was ev-
ident in hypercholesterolemic subjects compared with age- and
sex-matched controls. In the current study, a significant nega-
tive association between plasma β-carotene and F2-isoprostane
levels (P < 0.0001) as well as between plasma vitamin C and
F2-isoprostane levels was observed in the high-cholesterol
group (P = 0.0018). This finding is consistent with previously
published studies (31,40–42). 

In individuals with a circulating cholesterol level below 200
mg/dL, apoE genotype did not emerge as an independent de-
terminant of lipid peroxidation. However, in those subjects
with total cholesterol above 200 mg/dL, a 29% higher F2-iso-
prostane level was evident in apoε4 carriers relative to noncar-
riers. Differences in levels of lipid peroxidation between the
apoE subgroups may be attributable to differences in the an-
tioxidant activities of the apoE isoforms. 

The antioxidant capacity of the apoE protein was first inves-
tigated with respect to neuronal damage in AD. In 1996, Mi-
yata and Smith (21) investigated the antioxidant potential
of the apoE isoforms with respect to their ability to protect
against rat neuronal B12 cell death on exposure to hydrogen
peroxide (H2O2). At physiological concentrations, all three
apoE proteins significantly reduced H2O2-induced cell death,
in the following order, ε2 > ε3 > ε4, with the ε2 protein being
approximately twofold more effective compared with ε4 (21).
Subsequent in vitro assays were consistent with the initial cel-
lular work, with the authors indicating that differences in an-
tioxidant capacity were attributable to the differential ability of
the protein to bind transition metal ions. Consistent with these
findings are data that demonstrate a differential in vitro oxida-
tion of recombinant apoE using the myeloperoxidase system,
with apoε4 being more susceptible than apoε3, which is in turn
more susceptible than apoε2 (20). Furthermore, basal and acti-
vated oxidative damage and lipid peroxide levels in the follow-
ing order, ε4 > ε3 > ε2, were evident in the postmortem brains
of AD patients (23).

Evidence regarding the contribution of the apoE isoform to
oxidative stress and of its implications for localized events in
the artery wall that contribute to atherogenesis is limited. In the
Northwick Park Heart Study II (NHPSII), following correction
of the data for blood lipids and other known risk factors,
Humphries and coworkers (43) speculated that the 2.79-fold
increased risk of CHD events in ε4 smokers relative to the non-
smoking combined group, with OR of 0.85 and 1.47 observed
in ε2 carriers and ε3 homozygotes, respectively, may be due to
the differential antioxidant capacity of the apoE protein iso-
forms. Although no direct evidence was provided by the au-
thors, the data were suggestive of an exacerbation of oxidative
stress in smokers by the apoε4 phenotype relative to the ε3 and
ε2 smoking groups. 

It is speculated that apoE isoform differences in antioxidant
capacity could be attributable to a change in the tertiary config-
uration of the metal binding site of the protein. The mature 299-
amino acid protein consists of an amino acid (residues 20–165)
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TABLE 3
Adjusted Mean F2-Isoprostane Levels by Genotype in Subjects
with Plasma Total Cholesterol Below 200 mg/dL (n = 162)

Adjusteda mean  
F2-isoprostane

Factor level (pmol/L) F statisticb P valuec

ApoE genotype 0.72 0.3987
ε3/ε4 and ε4/ε4 99.5 (86.5, 114.5)
ε2/ε3 and ε3/ε3 106.6 (97.1, 117.0)

Sex 19.05 <0.0001
Age 0.00 0.9649
Race 14.69 0.0002
Current smoking status 3.72 0.0265
Body mass index 4.37 0.0143
Plasma ascorbic acid 9.39 0.0026
Plasma β-carotene 5.31 0.0225
aAdjusted for the other variables shown.
bThe F statistic measures the contribution of each variable to the prediction
of plasma F2-isoprostane levels.
cThe P value represents the result after adjustment for all the other variables
shown, performed by multiple regression analysis. 



and a carboxyl (225–299) terminal (NT and CT) separated by
a hinge region, which in relation to lipoprotein metabolism are
responsible for the ligand and lipid binding, respectively
(44,45). The 3-D structure of the NT domain consists of four
helix bundles, within which is thought to lie the tetrahedral
metal-binding peptide sequence (46). It is speculated that vari-
ations in the Arg and Cys content of the isoforms lead to con-
formational changes in the protein structure owing to disrup-
tion in salt bridge formation (47), which could alter the metal-
binding capacity. Likewise, although all three isoforms contain
eight methionine residues, an apoE-specific protein conforma-
tional change may result in differences in exposure of methio-
nine residues in the ε2, ε3, and ε4 isoforms. Methionine has
been shown to act as an internal antioxidant within proteins
(48). For example, the methionine residues of apoA1 and A2
have been shown to make a significant contribution to a reduc-
tion in hydroperoxides associated with human HDL (49). Fur-
thermore, variations in the number of cysteine residues, with
ε2, ε3, and ε4 having 2, 1, and 0, respectively, may contribute
to variations in levels of lipid peroxidation products. 

The current study provides data demonstrating greater lipid
peroxidation in individuals with an apoε4 genotype (20–35%
of U.S. and European populations). It contributes to the limited
available evidence that the increased risk of chronic disease as-
sociated with an apoε4 genotype is in part attributable to an im-
balance in oxidant/antioxidant homeostasis. It is likely that in
hypercholesterolemic groups with an apoε4 genotype, and in
particular smokers, antioxidant therapy, such as for example
increased vitamin C intakes, may negate in part the increased
CHD risk in these individuals. 
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ABSTRACT: Antioxidant micronutrients have been reported to
be associated with an improvement in the blood profile, but the
results are not consistent. The aim of the present study was to as-
sess the effects of antioxidant supplementation on changes in the
serum lipid profile of adult participants in the SU.VI.MAX study.
French adults (n = 12,741: 7,713 females aged 35–60 yr, and
5,028 males aged 45–60 yr) received daily antioxidant supple-
mentation (120 mg vitamin C, 30 mg vitamin E, 6 mg β-carotene,
100 µg selenium, and 20 mg zinc) or a matching placebo. Me-
dian follow-up time was 7.5 yr. After 7.5 yr, no effect of supple-
mentation on total cholesterol was observed in men or women
after adjusting for baseline total cholesterol levels and lipid-low-
ering medications. The prevalence of hypercholesterolemia (≥6.5
mmol/L) showed a trend toward being higher in women who re-
ceived supplements compared with those who received the
placebo (P = 0.06). In both sexes, the group receiving supple-
ments exhibited higher mean serum TG concentrations than did
the placebo group (P = 0.06 in men; P = 0.05 in women). The
prevalence of hypertriglyceridemia (≥2.3 mmol/L) was also sig-
nificantly higher in men who received supplements (P = 0.03),
but not in women. Our results suggest than long-term daily sup-
plementation with low doses of β-carotene, vitamins C and E, se-
lenium, and zinc does not result in an improved lipid profile and
could even adversely affect some blood lipids, possibly with a
higher risk of hyperlipidemia in women. 

Paper no. L9659 in Lipids 40, 335–342 (April 2005) 

The SU.VI.MAX study is a randomized, double-blind,
placebo-controlled primary prevention trial that showed—in a
middle-aged French population presumably free of cardiovas-
cular disease (CVD) and of cancer at baseline—that daily low-
dose antioxidant vitamin and trace element supplementation

for 7.5 years lowered the total incidence of cancer in men, but
not in women (1). No effect on the incidence of CVD was
found in either gender. However, preclinical studies suggested
that a diet rich in various compounds with antioxidant proper-
ties inhibited the atherogenic process (2). Moreover, numerous
large prospective studies have shown significant inverse asso-
ciations between overall mortality (3) and cardiovascular
events (4), and antioxidant status and intake. Several mecha-
nistic hypotheses suggest that antioxidants play a role in the in-
hibition of atherogenic processes (5). However, the primary
prevention trials and most of the secondary prevention trials
that have evaluated the effect of different antioxidant supple-
ments on CVD (6–10) have been unable to detect any benefi-
cial effects, as in the SU.VI.MAX study, and two of these (8,9)
have even suggested harmful effects on cardiovascular events.

In fact, the beneficial effects of antioxidants in preventing
CVD are still open to debate, since different mechanisms have
been proposed whereby antioxidant nutrients could decrease or
increase the risk of CVD (11). 

The hypothesis of the protective effect of antioxidants is
supported by the fact they can inhibit the oxidation of LDL
cholesterol, a particularly atherogenic molecule (11). Antioxi-
dant micronutrients (vitamins and trace elements) also are re-
portedly associated with an improved blood profile, but these
results are not consistent (12) since β-carotene and zinc are sus-
pected of affecting the serum lipid profile adversely (13,14).
Moreover, most of the antioxidant supplementation trials test-
ing the impact on circulating lipid concentrations have been
short term, have involved a small number of participants, and
have presented some methodological limitations. 

Therefore, the aim of the present work was to investigate
the relationship between antioxidant status and lipid profile,
and to assess the effects of supplementation with nutritional
doses of antioxidant vitamins and trace elements on total, LDL,
and HDL cholesterol and TG levels after 7.5 yr of follow-up in
the SU.VI.MAX trial.
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EXPERIMENTAL PROCEDURES

Subjects and methods. Details concerning the study rationale,
design, methods, and participant characteristics have been re-
ported previously (1,15). In brief, 12,741 French adults (7,713
females aged 35–60 yr and 5,028 males aged 45–60 yr) were
randomly allocated to receive either a combination of antioxi-
dants [120 mg vitamin C, 30 mg vitamin E (all-rac-α-tocoph-
erol), 6 mg β-carotene, 100 µg selenium (as selenium-enriched
yeast), and 20 mg zinc (as gluconate)] or a matching placebo
in a single daily capsule. Eligibility criteria were lack of dis-
eases likely to hinder active participation or threaten 5-yr sur-
vival, acceptance of the possibility of receiving a placebo and
of the implications of participation, lack of regular supplemen-
tation with any of the vitamins or trace elements in the supple-
ment, and absence of extreme beliefs or behaviors regarding
diet. The median follow-up time was 7.54 yr. 

The protocol was approved by a medical ethics committee
and the national committee for the protection of privacy and
civil liberties.

Educational level, smoking status, menopausal status, and
contraceptive use were obtained from a questionnaire at base-
line. Level of education was coded in three categories accord-
ing to the highest certification obtained (primary school, high
school, university, or equivalent).

Blood samples were obtained in Vacutainer tubes (Becton
Dickinson, Le Pont de Claix, France) after a 12-h fast at inclu-
sion and at the last check-up after 7.5 yr of follow-up (antioxi-
dant markers were measured, at 7.5 yr, on only a randomized
subsample of 1,400 subjects). 

All biochemical measurements were performed in a central
laboratory. Vitamin C status was evaluated by serum ascorbic
acid determination using an automated method based on the
continuous flow principle. Serum β-carotene and tocopherol
levels were measured by HPLC. Serum zinc was determined
by flame atomic absorption spectrometry, and serum selenium
was measured by electrothermal atomic absorption spectrome-
try with a Zeeman effect. 

Total cholesterol and TG were assayed using an enzymatic
method [at baseline, Technicon Dax 24, Bayer Diagnostics
(Tarreytown, NY), and 7.5 yr later, Advia 1650, Bayer Diag-
nostics]. CV for cholesterol and TG assays were 0.7 and 1.4%,
respectively. HDL cholesterol was measured only at the end of
the study (CV = 1.3%). The LDL cholesterol concentration was
computed with the Friedewald formula only for subjects who
had a TG value ≤4 mmol/L (350 mg/dL). Among the 12,741
subjects, 739 (5.8%) withdrew consent during the study (6.7%
of women, and 4.4% of men); 343 (5.4%) were in the interven-
tion group (mean follow-up time ± SD: 2.0 ± 1.5 yr), and 396
(6.2%) were in the placebo group (mean follow-up time ± SD:
1.9 ± 1.5 yr). Seven hundred thirty-six subjects (5.8%) were
lost to follow-up (6.0% for women, and 5.5% of men) for vari-
ous reasons: 367 in the intervention group (follow-up time: 5.1
± 2.2 yr) and 369 in the placebo group (follow-up time: 5.0 ±
2.3 yr). No differences in the percentage of subjects lost to fol-
low-up or who withdrew consent were observed between

groups within each gender. There were no differences in cap-
sule consumption between the groups (mean percentage of cap-
sules taken: 79% in each). Data are presented from the inten-
tion-to-treat analysis; the results were unchanged with a per-
protocol analysis on subjects who took either >75 or >90% of
the supplements assigned.

Statistical methods. All analyses comparing the placebo and
the intervention groups were performed by intention-to-treat,
separately in men and women. Baseline and end-trial charac-
teristics of the two groups were compared by Student’s t-test
and the chi-square test where appropriate. Results are ex-
pressed as percentages or means ± SD. Because of the skewed
distributions for TG, β-carotene, and vitamin C values, these
variables were logarithmically transformed, and geometric
means as well as 95% confidence intervals are presented. Rela-
tionships between lipid and antioxidant concentrations at base-
line, after adjustment for use of lipid-lowering medications,
were assessed by computing partial Spearman rank correlation
coefficients. We calculated sex-specific tertiles of baseline an-
tioxidant levels in the placebo group and performed analyses
of covariance (ANCOVA) with tests for linear trend, in both
the placebo and intervention groups, according to these tertiles.
Means ± SD are presented, after adjustment for lipid medica-
tion use at the end of the study. Data were processed on an
Alpha-VMS system, and a specific database was developed
using Statistical Analysis System software, version 8.2 (SAS
Institute Inc., Cary, NC).

RESULTS 

Characteristics of participants and the relationship between
serum antioxidant concentrations and lipid profile at baseline.
Baseline characteristics are presented in Table 1. In both men
and women, the placebo and the intervention group did not dif-
fer in terms of age; smoking habits; contraception use and
menopausal status; body mass index; and serum values of an-
tioxidants, vitamins, and trace elements, except that in women
the intervention group had a slightly lower level of serum zinc
(P = 0.05) and a higher level of education (P = 0.02) compared
with those in the placebo group (P = 0.02). A significantly
higher level of serum cholesterol (P < 0.04) was found in
women taking supplements, and a lower percentage of subjects
taking lipid-lowering medications was observed at baseline (P
< 0.02). Conversely, a higher mean level of apolipoprotein
(apo) A-1 (P = 0.02) and a higher percentage of lipid-lowering
medications (P < 0.002) were found in men taking supplements
compared with those in the placebo group.

Correlation coefficients between baseline lipid markers and
baseline serum values of antioxidant status, after taking into
account the use of lipid-lowering medications, are presented in
Table 2. In both sexes, serum β-carotene was positively corre-
lated with total cholesterol and apoA-1 (and with apoB in
women) and negatively correlated with TG. Serum vitamin C
was not significantly related to total cholesterol, but was in-
versely correlated with TG and was positively correlated with
apoA-1 (and in men, inversely correlated with apoB). Serum
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α-tocopherol, serum zinc, and serum selenium levels were pos-
itively correlated with all lipid markers in both sexes (except
for TG and selenium). 

Changes in lipid profile according to baseline antioxidant
status in the placebo group. Table 3 presents changes in the
serum total cholesterol and TG levels in the placebo group after
7.5 yr of follow-up, adjusted for use of lipid-lowering drugs
and after exclusion of subjects taking lipid-lowering medica-
tions at baseline.

In both men and women, an overall significant decrease in
total cholesterol levels and a significant increase in serum TG
was observed. The decrease in total cholesterol was significantly
more pronounced in women in the highest tertile for baseline
serum concentrations of β-carotene, α-tocopherol, selenium, and
zinc, and no linear trend was observed with baseline serum vita-
min C levels. In men, similar trends were observed, although
these were significant only for serum α-tocopherol and zinc.

Conversely, for TG, the highest increase was observed in
women in the highest tertile for serum β-carotene and serum
selenium and in the lowest tertile for serum vitamin E. For vi-
tamin E, the trend was the same in men.

Effect of antioxidant supplementation on antioxidant mark-
ers and lipid profile. Serum β-carotene; vitamins C and E; zinc;

selenium; total, HDL, and LDL cholesterol; and TG concentra-
tions, at 7.5 yr, in the supplemented and placebo groups are pre-
sented in Table 4. Statistically significant differences were ob-
served between the intervention and placebo groups for all an-
tioxidants markers at 7.5 yr. In women, we observed a slightly
significant difference in mean total serum cholesterol in the
group of women receiving supplements (P = 0.05); however,
this difference disappeared after adjusting for lipid-lowering
medications and baseline total cholesterol level (P = 0.37).
HDL cholesterol was significantly lower in women receiving
supplements, but not in men. No significant difference was ob-
served for LDL cholesterol. The prevalence of hypercholes-
terolemia (≥6.5 mmol/L) was higher in women receiving sup-
plements than in the placebo group (P = 0.06). No difference
between the two groups was observed in men. 

Concerning serum TG, the group receiving supplements ex-
hibited a higher mean serum concentration, even after adjust-
ment (P = 0.06 in men, and P = 0.05 in women). The percent-
age of hypertriglyceridemia (≥2.3 mmol/L) was significantly
higher only in men receiving supplements (P = 0.03). The per-
centage of subjects taking lipid-lowering medications at the
end of the intervention was significantly higher in men receiv-
ing supplements (P = 0.02).
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TABLE 1
Baseline Characteristics of the Subjectsa

Men Women
Placebo Intervention Placebo Intervention

(n = 2508) (n = 2520) P (n = 3869) (n = 3844) P

Age (yr) 51.8 ± 4.7 51.8 ± 4.6 0.95 47.1 ± 6.6 47.2 ± 6.6 0.80
Educational level: n (%)
Primary school 612 (24.9) 570 (23.1) 741 (19.7) 713 (19.1)
High school 865 (35.3) 899 (36.4) 1532 (40.8) 1429 (38.2)
University or equivalent 976 (39.8) 1002 (40.5) 0.30 1484 (39.5) 1596 (42.7) 0.02

Smoking status: n (%)
Nonsmokers 828 (34.5) 812 (33.7) 2022 (54.8) 2001 (54.6)
Previous smokers 1206 (50.2) 1229 (50.9) 1076 (29.1) 1061 (28.9)
Current smokers 368 (15.3) 372 (15.4) 0.83 595 (16.1) 606 (16.5) 0.89

Contraception: n (%)
No 1413 (51.7) 1405 (51.7)
Oral 507 (18.6) 471 (17.3)
Intrauterine device 812 (29.7) 843 (32.0) 0.39

Menopausal: n (%) 951 (25.5) 950 (25.5) 0.97
Body mass index (kg/m2) 25.6 ± 3.2 25.6 ± 3.3 0.84 23.5 ± 4.0 23.3 ± 3.9 0.07
Serum β-caroteneb (µmol/L) 0.37 (0.36, 0.38) 0.37 (0.36, 0.38) 0.78 0.55 (0.54, 0.57) 0.56 (0.54, 0.57) 0.75
Serum α-tocopherol (µmol/L) 32.2 ± 8.5 32.3 ± 8.3 0.85 30.9 ± 7.5 31.1 ± 7.8 0.46
Serum vitamin Cb (µg/mL) 7.84 (7.66, 8.03) 7.68 (7.50, 7.86) 0.23 9.58 (9.44, 9.73) 9.61 (9.46, 9.76) 0.78
Serum selenium (µmol/L) 1.13 ± 0.20 1.14 ± 0.20 0.07 1.08 ± 0.19 1.09 ± 0.19 0.28
Serum zinc (µmol/L) 13.5 ± 1.9 13.5 ± 1.8 0.79 12.9 ± 1.9 12.8 ± 1.8 0.05
Fasting blood glucose (mmol/L) 6.00 ± 0.98 5.98 ± 1.05 0.63 5.53 ± 0.75 5.53 ± 0.80 0.76
Total cholesterol (mmol/L) 6.19 ± 0.99 6.21 ± 1.03 0.66 5.87 ± 1.03 5.92 ± 1.03 0.04
Total cholesterol ≥ 6.5 mmol/L: n (%) 888 (35.4) 912 (36.2) 0.56 940 (24.3) 985 (25.6) 0.18

TGb (mmol/L) 1.20 (1.17, 1.22) 1.21 (1.19, 1.24) 0.40 0.81 (0.80, 0.82) 0.80 (0.79, 0.81) 0.41
TG ≥ 2.3 mmol/L: n (%) 275 (11.0) 301 (11.9) 0.27 77 (2.0) 87 (2.3) 0.41

apoA-1 (g/L) 1.54 ± 0.23 1.52 ± 0.23 0.02 1.69 ± 0.26 1.70 ± 0.26 0.51
apoB (g/L) 1.20 ± 0.25 1.21 ± 0.27 0.11 1.03 ± 0.24 1.04 ± 0.24 0.17
Use of lipid-lowering drugs at baseline: n (%) 181 (7.4) 243 (9.8) 0.002 146 (3.9) 109 (2.9) 0.02
aValues in italics represent statistical significance.
bGeometric means (95% confidence intervals) because of skewed distributions. apo, apolipoprotein.



DISCUSSION

Dietary antioxidants are suggested to protect against lipid per-
oxidation (5). Many observational studies have shown that a
high dietary intake or high blood concentration of antioxidant
vitamins is associated with a reduced risk of CVD (3,4). How-
ever, randomized controlled studies investigating the clinical
use of antioxidant supplementation to prevent CVD have pro-
vided conflicting, even disappointing, results (16). In the
SU.VI.MAX study, after 7.5 yr of supplementation with a com-
bination of nutritional doses of antioxidants, no major effect
was seen on the incidence of ischemic CVD. The purpose of
the present analysis was to determine the effect of this supple-
mentation on modifiable risk factors for atherosclerotic CVD,
such as blood lipids.

After 7.5 yr of follow-up, we observed an overall significant
decrease in total cholesterol levels and a significant increase in
serum TG in the placebo group (adjusted for the use of lipid-
lowering drugs at the end of the study). This may be related to
the fact that at baseline, we screened all subjects and detected

hypercholesterolemia in 36% of men and 26% of women. Be-
cause they were under the care of the heath services, they may
have decreased their cholesterol concentrations by modifying
their lifestyles or adapting their drug use. The screening de-
tected hypertriglyceridemia at baseline to a lesser extent than
hypercholesterolemia (11.7% in men, and 2.2% in women),
and the potential effect of hypotriglyceridemic treatment in de-
creasing the mean TG concentration in serum might conse-
quently have been less obvious at the end of the study. 

The main findings presented here show that long-term sup-
plementation with a combination of β-carotene, vitamins C and
E, zinc, and selenium is associated with an increase in serum
TG in men and women, and with a higher percentage of hyper-
triglyceridemia in men. The increase in serum TG was slight
but significant and still led to mean values in the physiological
range; its biological or pathological significance is unknown.

The changes in total cholesterol concentration were less obvi-
ous. In women receiving supplements, we observed an increase
in total cholesterol, but this alteration disappeared after adjusting
for lipid-lowering medications and baseline total cholesterol
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TABLE 2
Partiala Spearman Rank Correlation Coefficients Between Antioxidants and Blood Lipids at Baseline

Total cholesterol TG apoA-1 apoB β-Carotene α-Tocopherol Vitamin C Selenium

Men
TG 0.32 1

<0.0001
apoA-1 0.21 −0.27 1

<0.0001 <0.0001
apoB 0.85 0.45 −0.08 1

<0.0001 <0.0001 <0.0001
β-Carotene 0.09 −0.20 0.08 0.01 1

<0.0001 <0.0001 <0.0001 0.51
α-Tocopherol 0.48 0.29 0.14 0.43 0.20 1

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Vitamin C −0.02 −0.11 0.05 −0.06 0.22 0.05 1

0.18 <0.0001 0.005 0.002 <0.0001 0.008
Selenium 0.10 −0.02 0.11 0.07 0.004 0.05 0.01 1

<0.0001 0.29 <0.0001 <0.0001 0.82 0.01 0.42
Zinc 0.09 0.07 0.05 0.11 −0.006 0.05 0.02 0.07

<0.0001 0.0002 0.01 <0.0001 0.72 0.005 0.36 <0.0001
Women
TG 0.31 1

<0.0001
apoA-1 0.29 −0.03 1

<0.0001 0.02
apoB 0.85 0.37 −0.02 1

<0.0001 <0.0001 0.16
β-Carotene 0.19 −0.16 0.09 0.12 1

<0.0001 <0.0001 <0.0001 <0.0001
α-Tocopherol 0.49 0.22 0.25 0.40 0.31 1

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Vitamin C 0.01 −0.07 0.07 −0.002 0.19 0.08 1

0.32 <0.0001 <0.0001 0.90 <0.0001 <0.0001
Selenium 0.12 0.01 0.13 0.10 0.008 0.08 0.03 1

<0.0001 0.39 <0.0001 <0.0001 0.57 <0.0001 0.04
Zinc 0.09 0.06 0.05 0.10 0.001 0.02 0.006 0.07

<0.0001 <0.0001 0.0006 <0.0001 0.94 0.21 0.68 <0.0001
aAdjusted for use of lipid-lowering drugs at baseline. Values in italics represent statistical significance. For abbreviation see Table 1.



level. HDL cholesterol was significantly lower in women receiv-
ing supplements, but not in men, and the prevalence of hyper-
cholesterolemia also was higher. At the end of intervention, the
percentage of subjects taking lipid-lowering medications was
significantly higher in the group of men receiving supplements. 

The relationship between lipid metabolism and antioxidant
status is supported by a substantial body of data. The majority
of published data on this topic are concerned with lipid metab-
olism and vitamin C status. Animal experiments have shown
that marginal vitamin C deficiency in guinea pigs increases
plasma and tissue cholesterol levels, and that vitamin C sup-
plementation decreases cholesterol levels in guinea pigs, rab-
bits, and vitamin C-dependent rats fed an atherogenic diet (17).
But results of human studies, both observational and experi-
mental, are less consistent than those of their animal counter-
parts. In several observational studies, plasma ascorbic acid
and vitamin C intakes were positively associated with HDL
cholesterol concentrations (18,19) and apoA-1, and were in-
versely associated with total cholesterol (20), but other studies
did not demonstrate such associations (21). Few intervention
trials using antioxidant nutrients alone or in pairs have been

performed, but until now, most of them have consistently
shown no significant effect on serum total cholesterol, HDL
cholesterol, or TG levels with either β-carotene (22,23), vita-
min C (12,24), a combination of vitamins C and E (25), or vi-
tamins C and E associated with β-carotene supplementation
(26). However, most of these trials have presented flaws, such
as a low statistical power, failure to blind treatment, or nonran-
dom allocation of supplements. Furthermore, they have in-
cluded a small number of participants (10 to 440 subjects) or
short-term supplementation (most from 3 wk to 12 mon; only a
few had a long follow-up), and some have been concerned with
specific patients. None of these studies have pointed out an ad-
verse effect of vitamin C consumption at nutritional doses on
lipid profiles at the level given in the SU.VI.MAX study.
Hence, nutritional doses of vitamin C cannot be suspected to
increase TG in serum, and an optimal nutritional intake of these
nutrients, by consuming an adequate amount of fruits and veg-
etables, must always be encouraged.

Our subjects also received 30 mg/d of α-tocopherol in the
supplement. This is more than twofold the usual dietary rec-
ommendations, and given the dietary mean intakes of vitamin
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TABLE 3 
Mean (± SD) and Adjusteda (%) Values of Cholesterol and TG at Baseline
and After 7.5 yr of Follow-up in the Placebo Group

Cholesterol TG

Men Women Men Women

Mean ± SD at baseline 6.17 ± 0.99 5.85 ± 1.02 1.18 (1.15, 1.21)b 0.80 (0.79, 0.81)b

Mean ± SD after 7.5 yr following 5.66 ± 0.90 5.62 ± 0.89 1.09 (1.06, 1.12)b 0.87 (0.86, 0.89)b

Change after 7.5 yr (%) −6.9 ± 14.1 −3.0 ± 14.7 4.33 ± 1.28 19.27 ± 1.21
P <0.0001 <0.0001 0.0005 <0.0001

Variations after 7.5 yr according to baseline levels of serum values of antioxidant markers
Tertiles for serum β-carotene
Highest −7.4 ± 0.6 −4.4 ± 0.5 6.2 ± 2.2 24.6 ± 2.1
Middle −6.7 ± 0.7 −2.6 ± 0.5 4.5 ± 2.3 20.0 ± 2.1
Lowest −6.4 ± 0.7 −1.9 ± 0.6 2.1 ± 2.4 12.7 ± 2.1
P for trend 0.24 0.001 0.21 0.0001

Tertiles for serum α-tocopherol
Highest −9.9 ± 0.6 −6.7 ± 0.5 −0.4 ± 2.3 14.1 ± 2.2
Middle −6.7 ± 0.6 −2.4 ± 0.5 4.8 ± 2.3 21.4 ± 2.2
Lowest −4.0 ± 0.6 −0.2 ± 0.5 8.5 ± 2.3 23.3 ± 2.2
P for trend <0.0001 <0.0001 0.01 0.003

Tertiles for vitamin C
Highest −7.2 ± 0.6 −3.3 ± 0.6 2.4 ± 2.4 23.2 ± 2.4
Middle −6.9 ± 0.7 −2.7 ± 0.6 6.1 ± 2.5 20.9 ± 2.4
Lowest −6.7 ± 0.7 −2.2 ± 0.6 4.2 ± 2.6 17.6 ± 2.5
P for trend 0.61 0.18 0.61 0.10

Tertiles for serum selenium
Highest 7.6 ± 0.6 −4.5 ± 0.5 6.3 ± 2.3 23.1 ± 2.0
Middle −6.6 ± 0.6 −2.2 ± 0.5 1.9 ± 2.2 18.0 ± 2.2
Lowest −6.4 ± 0.6 −2.1 ± 0.5 5.1 ± 2.1 17.3 ± 2.0
P for trend 0.16 0.001 0.72 0.04

Tertiles for serum zinc
Highest −7.9 ± 0.6 −4.3 ± 0.5 3.1 ± 2.2 17.1 ± 2.0
Middle −6.8 ± 0.6 −2.6 ± 0.5 4.9 ± 2.1 21.6 ± 2.1
Lowest −5.8 ± 0.6 −1.7 ± 0.5 5.1 ± 2.3 19.9 ± 2.1
P for trend 0.01 0.0004 0.52 0.35

aAdjusted for use of lipid-lowering drugs at the end of the study. Values in italics represent statistical significance.
bGeometric means (95% confidence intervals) because of skewed distributions. 



E in our population, it can be postulated that the supplemented
group exhibited a total daily intake of around 40 mg/d of vita-
min E. This important supply, over a long period of time, could
be partly responsible for an adaptive mechanism involving a
stimulation of VLDL synthesis and TG metabolism, with an
increase in the transport and incorporation of vitamin E in
membranes and lipoproteins. A synergistic effect with β-
carotene cannot be totally ruled out, and β-carotene might be
implicated in deleterious effects on TG. The hypothesis of a
specific role of β-carotene (alone or stimulated by vitamin E)
is consistent with data from a subsample of 52 participants in
the CARET study (14). In this randomized cancer chemopre-
vention trial, long-term supplementation with 30 mg of β-
carotene and 25,000 IU retinyl palmitate showed a nonsignifi-
cant increase in serum TG levels during the supplementation
period, and a decrease in serum TG levels 10 months after the
intervention was discontinued. 

In our supplement, there were also antioxidant trace ele-
ments, and lipid metabolism may be further modulated by trace
element status. Suboptimal intakes of zinc and selenium are as-
sociated with modified lipid and lipoprotein profiles and in-
creased risk factors for CVD and diabetes (27,28). In addition

to several antioxidants present in LDL particles, selenium acts
against oxidative processes, and there is no evidence of an ad-
verse effect of selenium on the lipid profile. It has been demon-
strated that selenium deficiencies negatively influence choles-
terol metabolism and contribute to LDL oxidation (29). More-
over, the membrane-bound form of the enzyme GPx can
efficiently reduce hydroperoxides in the phospholipids and
cholesterol esters associated with LDL and HDL cholesterol
(30). Other animal studies showed that endothelial function is
impaired in selenium-deficient hypercholesterolemic rats (31).
Results from interventional studies involving selenium and
lipids are scarce. A slight improvement in the serum lipopro-
tein profile was reported in subjects with a low initial selenium
status who received selenium yeast tablets (96 µg/d) for 2 wk
(32), and in the elderly, supplementation with 100 µg/d of sele-
nium resulted in a decreased malondialdehyde plasma level and
decreased TG levels (33). In the present study, in addition to
daily dietary intakes, the supplemental amount of zinc led to
daily zinc intakes that could be estimated around 30 mg/d. At
this dose, no deleterious effects have been reported on immu-
nity, antioxidant function, and enzymatic activities. Zinc sup-
plementation, at pharmacological doses (160 to 300 mg/d or
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TABLE 4
Antioxidant and Lipid Levels of Subjects After 7.5 yr of Follow-upa

Men Women

Placebo Intervention Placebo Intervention
(n = 2508) (n = 2520) P (n = 3869) (n = 3844) P

β-Carotene (µmol/L) 0.62 ± 0.42 1.10 ± 0.72 <0.001 1.06 ± 0.74 1.71 ± 1.03 <0.001
α-Tocopherol (µmol/L) 30.0 ± 6.9 33.7 ± 8.2 <0.001 29.3 ± 6.2 32.4 ± 7.1 <0.001
Vitamin C (µg/mL) 9.4 ± 3.7 11.4 ± 3.0 <0.001 11.0 ± 3.7 12.9 ± 3.2 <0.001
Selenium (µmol/L) 1.30 ± 0.20 2.15 ± 0.43 <0.001 1.26 ± 0.23 1 .84 ± 0.36 <0.001
Zinc (µmol/L) 11.5 ± 1.5 13.5 ± 3.8 <0.05 11.5 ± 1.2 12.2 ± 1.5 <0.05

Total cholesterol (mmol/L)
Crude 5.66 ± 0.90 5.65 ± 0.88 0.64 5.63 ± 0.89 5.68 ± 0.96 0.05
Adjustedb 5.66 ± 0.02 5.65 ± 0.02 0.57 5.65 ± 0.02 5.67 ± 0.02 0.37

Total cholesterol ≥ 6.5 mmol/L 273 (10.9%) 269 (10.7%) 0.81 377 (9.7%) 425 (11.1%) 0.06

TGc (mmol/L)
Crude 1.11 (1.08, 1.13) 1.15 (1.12, 1.18) 0.02 0.88 (0.86, 0.89) 0.89 (0.87, 0.90) 0.36 
Adjustedb 1.11 (1.09, 1.14) 1.14 (1.12, 1.17) 0.06 0.87 (0.86, 0.89) 0.89 (0.88, 0.90) 0.05

TG ≥ 2.3 mmol/L 100 (4.0%) 133 (5.3%) 0.03 44 (1.1%) 47 (1.2%) 0.73

HDL cholesterol (mmol/L)
Crude 1.41 ± 0.35 1.39 ± 0.34 0.02 1.71 ± 0.41 1.72 ± 0.39 0.76
Adjusted 1.41 ± 0.01 1.39 ± 0.01 0.03 1.71 ± 0.01 1.72 ± 0.01 0.81

HDL cholesterol < 0.9 mmol/L 864 (34.4%) 837 (33.2%) 0.35 1487 (38.4%) 1398 (36.4%) 0.06

LDL cholesterold (mmol/L)
Crude 3.63 ± 0.83 3.63 ± 0.80 0.82 3.45 ± 0.83 3.48 ± 0.87 0.32
Adjusted 3.63 ± 0.02 3.63 ± 0.02 0.97 3.45 ± 0.02 3.48 ± 0.02 0.32

LDL cholesterol ≥ 4.1 mmol/L 426 (17.0%) 423 (16.8%) 0.85 469 (12.1%) 515 (13.4%) 0.09

Use of lipid-lowering drugs at end
of study (%) 12.6% 15.0% 0.02 6.6% 6.1% 0.33

aValues in italics represent statistical significance.
bAdjusted for use of lipid-lowering drugs at the end of the study and baseline level.
cGeometric means (95% confidence intervals) because of skewed distributions. 
dCalculated using the Friedewald formula.



even 30 to 60 mg/d), resulted in lower HDL cholesterol in
healthy adults, which may be related to the negative effects on
copper status (34). The antagonistic association between cop-
per and zinc is also thought to be partly responsible for numer-
ous metabolic abnormalities, including hypercholesterolemia
(35).

Data on the impact of pharmacological doses of zinc on
lipid metabolism are scarce and controversial. Two random-
ized studies with zinc showed a decrease in HDL cholesterol
or total cholesterol (36,37), and four showed no change in the
lipid profile (38–41). Among the three nonrandomized studies,
one showed undesirable changes in HDL and LDL cholesterol
(42), another (43) showed no effect on the lipid profile, and the
third (44) showed an increase in HDL cholesterol and a de-
crease in LDL cholesterol 8 wk after supplementation with zinc
was stopped. Cross-sectional studies also have produced incon-
sistent results. In a study of 152 men, aged 57 to 76 yr, the cor-
relation coefficients for serum zinc with total cholesterol or
HDL cholesterol were near zero (45). Similarly, a study of 186
volunteers, with ages ranging from 15 to 67 yr, reported no as-
sociation between serum zinc and serum lipid levels (46). More
recently, in a large population sample of adults aged 20 to 80
yr in Belgium, a significant positive relationship was shown
between serum zinc levels and both total cholesterol and the
“antiatherogenic” HDL cholesterol (47). 

The slight increase in TG serum levels we observed in our
study could also possibly be due to zinc-induced leptin produc-
tion. Whereas zinc deficiency results in decreased leptinemia
(48), zinc supplementation induces an increase in leptin activ-
ity, which is known to increase the efflux of FA from
adipocytes (49).

Our results suggest than long-term combined antioxidant
supplementation with β-carotene, vitamins C and E, selenium,
and zinc is not associated with an improvement in the lipid pro-
file. This observation is consistent with the lack of effect of
such supplementation on the incidence of CVD in our popula-
tion. The observed increase in the TG levels of subjects receiv-
ing supplements is slight, but it can be considered an adverse
and unexpected effect. It may be hypothetized that supranutri-
tional amounts of zinc and vitamin E could activate adaptive
mechanisms and lipogenesis. Interactions with other dietary
factors, especially β-carotene, cannot be totally ruled out. Con-
sideration of these data are important, since they underline that
long-term supplementation, even at low doses, results in adap-
tive mechanisms and modified metabolism, especially with
supranutritional doses of zinc and vitamin E.
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ABSTRACT: n-3 FA are beneficial for cardiovascular health,
reducing platelet aggregation, TG levels, and the risk of sudden
death from myocardial infarction. The percentage of EPA +
DHA in red blood cells (RBC), also known as the Omega-3
Index, has recently been proposed as a risk marker for death
from coronary heart disease (CHD). The purpose of this study
was to begin to explore the factors that can influence RBC EPA
+ DHA. We collected information on the number of servings of
tuna or nonfried fish consumed per month, as well as on age,
gender, ethnicity, smoking status, the presence of diabetes, and
body mass index (BMI) in 163 adults in Kansas City who were
not taking fish oil supplements. The average RBC EPA + DHA
in this population was 4.9 ± 2.1%. On a multivariate analysis,
four factors significantly and independently influenced the
Omega-3 Index: fish servings, age, BMI, and diabetes. The
Index increased by 0.24 units with each additional monthly
serving of tuna or nonfried fish (P < 0.0001), and by 0.5 units
for each additional decade in age (P < 0.0001). The Index was
1.13% units lower in subjects with diabetes (P = 0.015) and de-
creased by 0.3% units with each 3-unit increase in BMI
(P = 0.001). Gender or smoking status had no effect, and the uni-
variate relationship with ethnicity vanished after controlling for
fish intake. Given the importance of n-3 FA in influencing risk for
death from CHD, further studies are warranted to delineate the
nondietary factors that influence RBC EPA + DHA content.

Paper no. L9662 in Lipids 40, 343–347 (April 2005).

The n-3 FA EPA and DHA are known to have cardioprotec-
tive effects (1). Some of these effects include a reduction of
platelet aggregation (2,3) and serum TG levels (4), and an in-
creased heart rate variability (5), the latter being predictive of
a lower risk of mortality due to cardiac arrhythmia (6). In the
GISSI-Prevenzione study (7), n-3 FA supplementation pro-
duced a 20% reduction in total mortality and a 45% reduction
in relative risk for sudden cardiac death, consistent with a re-
duced risk for arrhythmias. Because of these and other find-
ings, the American Heart Association (AHA) now recom-
mends that patients with known coronary heart disease
(CHD) consume about 1 g/d of EPA + DHA. For individuals
without known CHD, the AHA recommends at least two serv-
ings/wk of (preferably oily) fish to reduce the risk of cardio-

vascular disease (1). This would equate to approximately 500
mg/d of EPA + DHA. 

The percentage of EPA + DHA in the red blood cell (RBC)
membranes is a well-known biomarker of long-chain n-3 FA
intake. Recently termed the “Omega-3 Index,” it has been
proposed as a new risk marker for CHD death (8). The RBC
EPA + DHA has been shown to be responsive to increased in-
takes of n-3 FA (8), a valid surrogate for human myocardial
n-3 content (9), and to be strongly associated with reduced
risk of sudden cardiac death (10,11). Based on these previous
studies, an RBC EPA + DHA of 8% or above has been pro-
posed as a target cardioprotective level (8). The EPA + DHA
content of RBC membranes varies across populations, pre-
sumably as a function of fish intake. Levels are generally low
in Europeans (12,13), Americans (14,15), and Canadians
(16), and high in Japanese (17) and Norwegians (18). Factors
other than diet that may influence the incorporation of EPA +
DHA in RBC have not been systematically investigated. The
purpose of this study was to estimate average values for RBC
EPA + DHA in a sample of adults from a Midwestern U.S.
city, and to begin exploring the effects of gender, age, body
mass index (BMI), ethnicity, smoking status, and the presence
of diabetes on RBC EPA + DHA independent of fish intake. 

MATERIALS AND METHODS

Volunteer selection. Healthy men and women between the
ages of 20 and 80 from the Kansas City Metropolitan area
were invited to participate in this study. Although generally
healthy individuals were sought, those with self-reported,
well-controlled type 1 or type 2 diabetes mellitus qualified as
well. Individuals reporting consumption of fish oil supple-
ments were excluded. The demographic information collected
included age, gender, height, weight, ethnicity, smoking, dia-
betes, and the number of servings of tuna or nonfried fish con-
sumed per month (hereafter referred to as “fish intake”).
Weekly fish intake was calculated based on the reported
monthly intake. The intake of tuna or nonfried fish was
specifically queried because the answer to this question
proved to be a powerful predictor of risk for death from is-
chemic heart disease in the Cardiovascular Health Study (19).
Hence, we sought to determine whether it would correlate
with RBC EPA + DHA. The protocol was approved by the
Saint Luke’s Hospital Institutional Review Board, and in-
formed, written consent was obtained.
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Abbreviations: AHA, American Heart Association; ANCOVA, analysis of
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blood cells.
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Laboratory methods. The sum of the EPA and the DHA,
expressed as a percentage of total RBC FA, was measured as
described previously (8). Briefly, blood was collected in
EDTA, and the RBC pellet was isolated by centrifugation.
After discarding the plasma and buffy coat, RBC were frozen
at –70°C. The RBC pellet was warmed to room temperature,
and an aliquot was extracted with isopropanol and hexane
(each containing 50 mg/L of the antioxidant BHT). The lipid
extract was dried under nitrogen and methylated for 10 min
at 100°C with BF3–methanol (Sigma, St. Louis, MO). After
cooling, the FAME were extracted with hexane after the ad-
dition of water. The sample was again dried under nitrogen,
reconstituted with hexane, and analyzed by flame ionization
GC (Shimadzu GC-14A; Shimadzu Corporation, Kyoto,
Japan) using a capillary column (SUPELCOWAX 10, 30 m
length, 0.32 mm i.d., 0.25 µm film thickness; Supelco, Belle-
fonte, PA). FA were identified by comparison with known
standards, and FA composition was reported as the weight
percentage of total FA. 

Statistical analysis. Univariate regression and one-way
ANOVA models were used to determine the effects of each
patient characteristic on RBC EPA + DHA. Analysis of co-
variance (ANCOVA) was used to determine the effect of fish
consumption on RBC EPA + DHA after considering other
possible influences (age, BMI, diabetes, gender, race, smok-
ing). Nonlinear relationships were explored by testing qua-
dratic terms in the ANCOVA models. Model assumptions
were checked and verified. A critical alpha level of 0.05 was
used to determine significance, and all significance tests were
two-tailed. All data were analyzed using SAS, version 8.02
(SAS Institute, Cary, NC).

RESULTS

The study population included 163 individuals, 74 males and
89 females [Caucasian, 134 (82%); African American, 13
(8%); Hispanic, 10 (6%); Native American, Asian, East Indian,
Arabic, 6 (3.6%)], with an average (±SD) age of 48 ± 15 yr
(ages 20–29, 24; ages 30–39, 27; ages 40–49, 36; ages 50–59,
35; 60 and above, 41). Other study population characteristics
were as follows: BMI, 26.2 ± 4.8 (range 18–47); servings per

month of tuna and nonfried fish, 4.2 ± 4.2 (range 0–30); smok-
ers, 13 (8%); persons with diabetes, 13 (8%). The mean (±SD)
RBC EPA + DHA was 4.9 ± 2.1%, with a range of 1.7 to 12.4%
(Fig. 1). RBC EPA + DHA was below 8% in 91% of the sam-
ple and below 4% in 44% of the sample (Fig. 1). 

Of the seven patient characteristics examined, five (all but
gender and smoking status) proved to be significant predic-
tors of RBC EPA + DHA on a univariate analysis (Table 1).
On a multivariate analysis, ethnicity ceased to be a predictor,
leaving BMI, age, diabetes, and fish intake as independent
predictors. From Table 1, one can see that every additional 10
yr of age increased RBC EPA + DHA by 0.5 units, that each
3-unit rise in BMI decreased the Omega-3 Index by 0.3 units,
and that the presence of diabetes was associated with a 1.13-
unit decrease in RBC EPA + DHA. For every reported
monthly serving of tuna or other nonfried fish, RBC EPA +
DHA increased by 0.24 units. The relationships between re-
ported fish intake (by frequency category and continuously)
and the Omega-3 Index are presented in Figures 2 and 3. In
both cases, there was a highly significant positive relationship
between intake and this biomarker.

Although overall, men and women did not have signifi-
cantly different unadjusted values for RBC EPA + DHA (5.0
± 1.9 vs. 4.7 ± 2.2, P = 0.25), an examination of the male–
female difference by decade suggested that women tended to
have slightly higher levels than men (except for the 30s; Fig.
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FIG. 1. Distribution of the percentage of red blood cell (RBC) EPA +
DHA values (Omega-3 Index) in the study population. Lines at 8% and
4% indicate proposed low- and high-risk horizons, respectively, and
the dotted line at 4.9% is the population average. 

TABLE 1
Red Blood Cell EPA + DHA Model Results 

Univariatea Multivariateb

Lower Upper Lower Upper

Independent variable Estimate 95% CI 95% CI P-value Estimate 95% CI 95% CI P-value

Fish servings 0.30 0.24 0.36 <0.0001 0.24 0.18 0.29 <0.0001
Age (10 yr) 0.53 0.33 0.73 <0.0001 0.49 0.33 0.66 <0.0001
BMI (3 units) −0.40 −0.59 −0.21 <0.0001 −0.31 −0.46 −0.16 <0.0001 
Diabetes −1.15 −2.32 0.01 0.053 −1.13 −2.04 −0.22 0.0153 
Female 0.37 −0.27 1.01 0.251 −0.28 −0.75 0.20 0.2473
Caucasian 1.07 0.25 1.89 0.011 0.47 −0.12 1.06 0.1160
Smoker −0.20 −1.38 0.98 0.739 0.39 −0.44 1.22 0.3509
aRegression and ANOVA results.
bMultivariate regression and analysis of covariance results. CI, confidence inteval; BMI, body mass index.



4). On the multivariate analysis (which included a variety of
relevant covariates), women did not have higher levels of
RBC EPA + DHA (Table 1). 

DISCUSSION

The average RBC EPA + DHA in this sample of 163 individ-
uals not taking n-3 FA supplements was 4.9%. This value is
well below the proposed 8% target value associated with a
significantly reduced risk of CHD death; consistent with past
reports (8), it is close to the high-risk value of 4% that has re-
cently been proposed. RBC EPA + DHA varied by over sev-
enfold in this sample. Although we assumed that much of this
variance was due to differences in fish intake, other factors
influencing the Omega-3 Index had not been examined previ-
ously. 

The number of servings of oily fish consumed per month
did indeed have a major effect on long-chain n-3 FA blood

levels (Figs. 2 and 3). This was, of course, expected and sug-
gests that simply inquiring about the number of tuna or non-
fried fish meals a patient is consuming on a monthly basis will
provide a reasonable estimate of his or her RBC EPA + DHA.
This finding confirms what has already been shown with n-3
FA capsules, i.e., that the EPA + DHA content of RBC mem-
branes is a valid reflection of n-3 FA intake (8).

Age was an independent predictor of RBC EPA + DHA,
even after adjusting for fish intake. Interestingly, older rats
have been reported to have higher cardiac DHA levels than
younger rats fed the same diet (20). A similar association be-
tween age and plasma phospholipid n-3 FA content was ob-
served in three separate populations in Quebec—the James
Bay Cree, the Inuit of Nunavik, and individuals living in and
around Quebec City (21–23). These authors attributed this re-
lationship to the fact that older people traditionally consume
more fish than younger individuals, but they did not report fish
intake or adjust for it (23). One could speculate that older in-
dividuals may consume more α-linolenic acid or may convert
it to longer-chain n-3 FA more readily than younger people. In
addition, the rise in RBC EPA + DHA with age could reflect
an increasingly slower turnover of n-3 FA in tissues. More
studies in humans are needed to explore these possibilities. 

An increase in BMI was associated with decreasing pro-
portions of EPA + DHA in human erythrocyte membranes,
again independent of reported frequency of fish intake. A sim-
plistic interpretation of this observation may be that since fish
is not typically served on a body-weight basis, obese individ-
uals would consume a smaller “dose” of fish per unit of body
weight than leaner individuals. This could lead to a lower
concentration of long-chain n-3 FA in the larger total lipid
pool. Alternatively, Cazzola et al. (24) recently showed that
RBC from obese individuals are more susceptible to oxida-
tive stress. They also found, as we did, a lower n-3 FA con-
tent in RBC membranes. Hence, the lower n-3 FA content
could be secondary to increased oxidative processes charac-
teristic of the obese state. 

It has recently been reported that women may have a
greater capacity to synthesize long-chain n-3 FA from short-
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FIG. 2. Percentage of RBC EPA + DHA (Omega-3 Index) by category of
reported consumption of tuna or nonfried fish per month. Groups dif-
fered by ANOVA (P < 0.0001), with the highest RBC EPA + DHA group
differing significantly from all others (P < 0.05) and the second highest
differing from the first (P < 0.05) by Tukey’s post hoc test. The percent-
age of the population falling into each intake group is given in paren-
theses. For abbreviation see Figure 1.

FIG. 3. The continuous relationship between the percentage of RBC EPA
+ DHA (Omega-3 Index) and reported monthly intake of tuna and non-
fried fish. R = 0.61, P < 0.0001. For abbreviation see Figure 1.

FIG. 4. Percentage of RBC EPA + DHA (Omega-3 Index) as a function
of sex within age categories by univariate analysis. Male–female differ-
ences within categories were not significantly different. For abbrevia-
tion see Figure 1.



chain n-3 FA (25), and they tend to have higher plasma n-3
FA levels than men (26–28). This may reflect their physiolog-
ical need to provide preformed DHA to the developing fetus.
In light of these observations, we expected the women in our
survey to have higher proportions of EPA + DHA in RBC
membranes than the men. A trend toward this was seen in the
univariate analysis, but the trend was reversed when other co-
variates were considered. Hence, sex alone does not appear
to be a determinant of RBC EPA + DHA. Larger studies with
greater power will be needed to examine this relationship. 

The number of subjects who smoked, were diabetic, or
were members of minority groups was small; thus, conclu-
sions from these subgroups are only suggestive. In this study,
smoking was not associated with reduced levels of EPA +
DHA in RBC. This is in agreement with some studies (22,26)
but not others (27,29). The presence of diabetes was associ-
ated with reduced RBC EPA + DHA values, in agreement
with some studies (30) but not others (30–32). The inhibition
of ∆6- and ∆5-desaturases (the enzymes responsible for con-
verting α-linolenic acid to long-chain n-3 FA) in the diabetic
state has been reported (33), but whether it applies in type 2
as well as type 1 diabetes is not clear. Ethnicity (i.e., not Cau-
casian) ceased to be a significant predictor of RBC EPA +
DHA in the multivariate analysis. In other words, the lower
RBC EPA + DHA seen in the non-Caucasian groups was
likely the result of their generally being younger, heavier, and
less likely to consume fish than the Caucasian group. 

The RBC EPA + DHA, as measured here, may not be com-
parable to that reported by other workers for several reasons.
First, in an effort to focus on the FA composition of the glyc-
erophospholipids (and to exclude those from RBC sphin-
golipids), we methylated the lipid extract for 10, not 45, min.
This also made the assay quicker to perform, which has obvi-
ous advantages in a clinical setting. Second, our method in-
cluded one freeze–thaw cycle. This was shown in preliminary
experiments to reduce the EPA + DHA content by about 10%
compared with fresh RBC, but no further loss was noted with
two or three freeze–thaw cycles. Since we anticipate that sam-
ples from most future research projects (i.e., large, prospec-
tive randomized trials with hard cardiovascular disease events
as end points) will have been frozen at baseline, we chose to
include this step in the routine assay so that cut-points identi-
fied with these frozen samples will be applicable in the clini-
cal setting as well. Finally, myriad GC variables, pre- and
postprocessing, known and unknown, conspire to almost
guarantee significant laboratory-to-laboratory (and instru-
ment-to-instrument) variability in an assay that is based on
percent composition.

In conclusion, the content of EPA + DHA in human RBC
membranes is a valid marker of the intake of long-chain n-3
FA from tuna and other nonfried fish. In addition, at least two
factors besides n-3 FA intake appear to influence their incor-
poration into RBC membranes: age and BMI, with a sugges-
tion that diabetes may also have an effect. Further studies are
warranted to define the other factors that influence this emerg-
ing CHD risk factor more carefully.
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ABSTRACT: The presence of TAG hydroperoxides in the epithe-
lial cells of the small intestines in growing pigs was studied after
they had consumed a diet rich in either nonoxidized or oxidized
sunflower seed oil (PV in oils, 1 and 190 mequiv O2/kg, respec-
tively). To obtain molecular-level information on the oxidized
TAG structures, a new approach based on TLC and HPLC-elec-
trospray ionization-MS was used in the analysis of the samples.
TAG hydroperoxides were not detected in the small intestinal mu-
cosa or adipose tissue of either group, whereas TAG hydroxides,
ketones, and epoxides were detected in all samples. The results
suggest that dietary TAG hydroperoxides do not lead to the ap-
pearance of these molecules in the tissues.

Paper no. L9660 in Lipids 40, 349–353 (April 2005).

Various studies suggest that oxidized FA within dietary lipids
increase the oxidation level of human lipoproteins (1–3). Thus,
it seems that the oxidized lipids are absorbed in the small intes-
tine and/or they initiate a cascade of subsequent reactions that
result in the increased oxidation of lipoproteins. It is unclear,
however, in what degree different types of lipid oxidation prod-
ucts survive from mouth to small intestine and beyond, and
whether all forms of oxidized lipids are absorbed. 

The studies of Kanner and Lapidot (4) suggest that human
stomach fluid, having a low pH, may be a good medium for
food lipid peroxidation. On the other hand, in studies per-
formed in rats by Kanazawa and Ashida (5,6), linoleic acid
hydroperoxides did not reach the small intestine when dosed
intragastrically at moderate levels as such or as trilinoleoyl-
glycerol hydroperoxides. Only when very high doses (200
µmol or more) of linoleic acid hydroperoxides were used was
partial transport to the small intestine observed. In the stom-
ach, trilinoleoylglycerol hydroperoxides were broken down to
linoleic acid hydroperoxides and hydroxides. Pure linoleic acid
hydroperoxides given intragastrically were decomposed to hy-
droxides, epoxyketones, and aldehydes. Only aldehydes en-
tered the small intestine when moderate levels of hydroperox-
ides were used. Aldehydes also seemed to be partly absorbed
into the body.

If lipid hydroperoxides, either originating from diet or
formed in the gastrointestinal tract (4,7), are present in the

small intestine, then they seem to be effectively removed by
glutathione peroxidase under normal conditions. However, the
hydroperoxides may be transported into lymph in conditions
where the supply of glutathione is limited (8,9).

To study the effect of diet on the presence of FA hydroper-
oxides in tissue TAG, we investigated the small intestine mu-
cosa and the adipose tissue of growing pigs after a 2-wk period
of consuming a diet rich in either nonoxidized or oxidized sun-
flower seed oil. An approach based on TLC and HPLC-elec-
trospray ionization (ESI)-MS was used in the analysis of the
oxidized tissue lipids (10).

MATERIALS AND METHODS

Chemicals and reagents. 3-Chloroperoxybenzoic acid, tri-
phenyl phosphine, and activated manganese dioxide (MnO2)
were obtained from Aldrich Chemical Co. (Milwaukee, WI).
Reagents were of reagent grade or better quality. All solvents
were of chromatography or reagent grade and were purchased
from local suppliers. HPLC standard (G-1) containing syn-
thetic monoacid TAG was obtained from Nu-Chek-Prep, Inc.
(Elysian, MN). Synthetic 1,3-distearoyl-2-oleoyl-sn-glycerol
was obtained from Sigma Chemical Co. (St. Louis, MO). 1,3-
Didocosanoyl-2-oleoyl-sn-glycerol and 1-linoleoyl-2-oleoyl-3-
palmitoyl-sn-glycerol were obtained from Larodan Fine Chem-
icals AB (Malmö, Sweden). 

Preparation of reference compounds. The oxidized deriva-
tives of synthetic TAG were prepared as described earlier (10).
TAG hydroperoxides were prepared by photosensitized oxida-
tion. TAG (10–20 mg) was added to 3 mL of methylene blue
solution (0.1 mM methylene blue in dichloromethane) in a test
tube that was placed in an ice bath under a 250 W photogra-
pher’s lamp for 28 h. The distance between the sample solution
and the lamp was approximately 20 cm. Hydroperoxides were
purified by TLC as described below.

Animals and diets. The study plan was approved by the
Test Animal Committee of MTT Agrifood Research Finland.
Growing pigs (castrated boars) were used in the study. For 2
wk, two groups of three pigs (groups 1 and 2) were fed a diet
(Table 1) containing 16% nonoxidized or oxidized sunflower
seed oil. The average weight of the animals (average age 11
wk) was 28.1 ± 3.5 kg at the beginning of the feeding period
and 39.5 ± 4.3 kg at the end of the period. The oil of group 1
was not oxidized (PV, 1 mequiv O2/kg), whereas the oil of
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group 2 was oxidized in a convection oven at 60°C until a PV
of 190 mequiv O2/kg was reached. The PV determinations
were made according to the AOCS Official Method Cd 8-53
(11). The vitamin E contents of the oils were as follows:
group 1, 550 mg/kg; group 2, 103 mg/kg. The vitamin E de-
terminations were made according to IUPAC 2.432 method
(12). FA compositions of the oils (Table 2) were determined
as described below. 

The pigs were fed twice a day. During the first week, the
pigs were fed 200 g oil/d and during the second week 230 g
oil/d. Because of the high fat load, the pigs were fed in total
161 mg vitamin E/kg feed, not including vitamin E from the
oils (Table 1).

Sample preparation. Pigs were killed 2–3 h after the last
meal (half of the daily dose). An approximately 40-cm length
of small intestine was detached at a distance of 80–200 cm
from the beginning of the small intestine, the distance depend-
ing on the progress of intestinal contents. After the ends were
tied, the detached intestinal portion was placed into a box con-
taining physiological salt solution at 0°C. Later, the portion was
split in the longitudinal direction. The contents were removed
and the piece was rinsed with tepid water. The epithelial cells
were scraped off the intestinal wall, and the lipids were ex-
tracted using chloroform/methanol (2:1, vol/vol). 

Also, a small portion of adipose tissue was detached from
the neck after slaughter. The lipids of the tissue were extracted
using chloroform/methanol (2:1, vol/vol). 

Purification of TAG and their oxidation products. For FA
analysis, the TAG of small intestinal mucosa and adipose tis-
sue were purified using Sep-Pak® (Milford, MA) prepacked
silica columns (13). Normal-phase TLC was used to purify the
oxidation products of the reference compounds and of the tis-
sue TAG (14). Heptane/di-isopropyl ether/acetic acid (60:40:4,
by vol) solution was used as the mobile eluent. Samples were
applied to silica G-plates. The TAG band (Rf typically 0.59)
and/or the fractions containing the oxidized TAG molecules
(below the TAG band) were scraped off the plates. The lipids
were recovered from the silica gel by extraction with chloro-
form/methanol (2:1, vol/vol). The extracts were washed with
distilled water. TAG and their oxidation products were detected
in UV light after spraying with 2,7-dichlorofluorescein. 

FA analysis. The FAME of TAG were prepared by sodium

methoxide-catalyzed transesterification (15). Methyl esters
were dissolved in hexane and analyzed by GC (PerkinElmer
AutoSystem, Norwalk, CT) using a DB-23 column (30 m ×
0.32 mm i.d., 0.25 µm film thickness; Agilent Technologies,
Palo Alto, CA). The instrument was equipped with an FID.

Analysis of samples by HPLC-ESI-MS. The oxidation prod-
ucts of TAG were separated by RP-HPLC (10). The HPLC sys-
tem consisted of a Hitachi (Tokyo, Japan) L-6200 Intelligent
Pump with a Discovery® HS C18 column (250 × 4.6 mm i.d.;
Supelco Inc., Bellefonte, PA). The column was eluted at 0.85
mL/min and a linear gradient was used: 20% 2-propanol in
methanol was changed to 80% 2-propanol in 20 min. The final
composition was held for 10 min. Eighty-five percent of the ef-
fluent (0.72 mL/min) was led to a Sedex 75 (S.E.D.E.R.E., Al-
fortville, France) ELSD. An evaporation temperature of 70°C
and nebulizer gas (air) pressure of 2.7 bar were used in the
ELSD. Fifteen percent of the effluent (0.13 mL/min) was led
to a Finnigan MAT TSQ 700 triple quadrupole mass spectrom-
eter (Finnigan, San Jose, CA) equipped with a nebulizer-
assisted electrospray interface. Full-scan MS spectra were col-
lected in positive ionization mode (m/z 450–1100). The elec-
trospray voltage used was +4.5 kV.

Statistical analysis. SPSS 12.0 for Windows (Chicago, IL)
was used for data analysis. The comparison of FA composi-
tions was carried out with independent samples t-test and
Mann–Whitney U-test.

RESULTS AND DISCUSSION

The FA compositions of the TAG extracted from the small intesti-
nal mucosa of the pigs are presented in Table 3. The TAG repre-
sent mainly the reassembled molecules formed inside the epithe-
lial cells. Minor amounts of the TAG may also originate from the
luminal side of the cells, representing molecules not broken down
by gastric and pancreatic lipases and not detached by rinsing. As
expected, the FA compositions reflected to a large degree those of
the dietary sunflower seed oils. However, the relative amounts of
16:0 were higher and those of 18:1n-9 were lower in the mucosa
of both groups compared with the test oils. In group 2, but not in
group 1, the relative amount of mucosal 18:2n-6 seemed to be
lower compared with the corresponding test oil. 
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TABLE 1 
Composition of the Feed of the Pigsa

Component g/kg feed Component g/kg feed

Barley 395.4 Monocalcium phosphate 8.3
Granulated soyb 384.6 Murovit-Selen-Ec 23.2
Sunflower seed oil 160.0 Mineral-vitamin mixd 17.1
Feeding lime 11.5
aTotal energy from fat: 1530–1650 kcal/kg feed.
bContains 3.4–6.8% fat.
cIn kg of feed: 0.2 mg Se; 81 IU vitamin E.
dIn kg of feed: 3.0 g Ca; 1.1 g P; 0.7 g Mg; 4.3 g NaCl; 135 mg Fe; 29 mg
Cu; 0.4 mg Se; 119 mg Zn; 31 mg Mn; 0.3 mg I; 6806 IU vitamin A; 681 IU
vitamin D; 65 mg vitamin E; 2.4 mg vitamin K; 2.5 mg vitamin B1; 6.1 mg
vitamin B2; 3.6 mg vitamin B6; 0.03 mg vitamin B12; 0.3 mg biotin; 18.4 mg
pantotenic acid; 27 mg niacin; 4.3 mg folic acid.

TABLE 2 
FA Compositions of the Oils Fed to Pigsa

FA Oil 1b Oil 2c

16:0 5.8 6.0
18:0 3.5 3.6
18:1n-9 25.3 26.0
18:1n-7 0.6 0.6
18:2n-6 63.4 62.2
18:3n-3 0.1 0.1
20:0 0.2 0.2
20:1n-9 0.2 0.2
22:0 0.7 0.7
24:0 0.2 0.2
aResults expressed as percentage of total FA.
bPV, 1 mequiv O2/kg oil.
cPV, 190 mequiv O2/kg oil.



The relative amounts of 16:0, 18:0, and 18:1n-9 seemed to be
higher and the relative amounts of 18:2n-6 lower in group 2 and
test oil 2 compared with group 1 and test oil 1, respectively
(Table 3). However, the differences were larger in the mucosal
FA compared with the test oil FA. None of the differences be-
tween groups 1 and 2 reached statistical significance, evidently
because of small group sizes. We were able to analyze all three
mucosal samples of group 1, but only two samples of group 2.
In spite of this, it seems likely that the differences in mucosal
TAG FA composition between the groups were caused by differ-
ent dietary oils.

The relative amount of 16:0 appeared to be slightly higher
and that of 18:2n-6 slightly lower in the adipose tissue of group
2 compared with group 1 (Table 4). This indicates an effect of
test oil autoxidation on adipose tissue FA composition.

The oxidized TAG molecules were detected by extracting
peaks of a specific m/z value from the MS chromatograms of
HPLC runs (Fig. 1). Only sodium adduct ions were formed from
the molecules in the positive ionization mode, which simplified
identification. If the retention time for a peak of an m/z value sug-
gested a certain type of oxidation product and a particular FA
composition, and a homologous series of ions was found in the
chromatogram, this was regarded as evidence of a certain mo-
lecular structure (10). 

The molecular ions of the reference compounds containing
a hydroperoxide group could be detected in mass chromato-
grams as simultaneously appearing peaks with a difference of
18 mass units, which helped in the identification of such mole-
cules. The phenomenon was due to a cleavage of H2O in the
ion source. 

In the oxidized test oil, TAG monohydroperoxides were the
major class of oxidized TAG. The monohydroperoxides that
were detected were formed from TAG with ACN:DB (acyl car-
bon number:number of double bonds) 52:2, 52:3, 52:4, 54:3,
54:4, 54:5, and 54:6. Dihydroperoxides were formed from
TAG with ACN:DB 52:4, 54:6, and 54:5. However, these TAG
hydroperoxides were not detected in the mucosa or the adipose
tissue samples, neither as such nor as a combination of hy-
droperoxy and oxo/epoxy groups. This indicates an absence of
these molecules in the tissue TAG, or a considerable decrease
in their level compared with the oxidized sunflower seed oil. In
taking the sensitivity of the instrumentation into consideration,
the decrease was estimated to be at least 80% in the case of
monohydroperoxides. 

TAG hydroxides, ketones, and epoxides were detected in
the tissue samples of both groups (Tables 5 and 6). No core
aldehydes were detected. The same oxidized TAG molecular
species were detected in both groups. Differences in the rela-
tive amounts of oxidized molecules could not be analyzed be-
cause of the small number of samples and, in case of mucosal
samples, the overlapping of different acylglycerols and their
derivatives in ELSD chromatograms. In our lipoprotein study
(16) in which the same oils were employed, the amount of oxi-
dized TAG (no hydroperoxides detected) was significantly
higher in the lipoproteins of pigs fed the oxidized oil compared
with the nonoxidized oil. Nonetheless, the same oxidized TAG
molecular species were present in the lipoproteins of both
groups. 

It is interesting that TAG hydroxides, ketones, and epoxides
were also detected in both the nonoxidized and oxidized test
oils, although only traces of hydroperoxides were seen in the
nonoxidized oil. These findings indicate that our method sensi-
tively detects the secondary oxidation products of TAG present
in different matrices.
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TABLE 3
FA Compositions of the Small Intestine Mucosal TAGa

FA Group 1b Group 2c

16:0 8.2 ± 0.1 9.4 ± 0.5
16:1n-7 0.0 ± 0.0 0.3 ± 0.1
18:0 3.6 ± 0.1 5.0 ± 0.6
18:1n-9 22.5 ± 0.2 23.6 ± 0.1
18:1n-7 0.7 ± 0.0 0.8 ± 0.1
18:2n-6 63.4 ± 0.2 58.2 ± 0.0
18:3n-3 0.8 ± 0.1 0.7 ± 0.1
20:0 0.0 ± 0.1 0.2 ± 0.2
20:1n-9 0.1 ± 0.1 0.1 ± 0.1
20:4n-6 0.7 ± 0.3 1.0 ± 0.0
aResults expressed as percentage of total FA (mean ± SD).
bn = 3.
cn = 2.

TABLE 4
FA Compositions of the Adipose Tissue TAGa

FA Group 1b Group 2b

14:0 1.0 ± 0.2 1.1 ± 0.1
16:0 19.1 ± 0.9 20.6 ± 1.4
16:1n-7 3.0 ± 0.8 3.0 ± 1.1
18:0 8.6 ± 1.3 8.6 ± 1.5
18:1n-9 37.0 ± 4.6 37.6 ± 1.5
18:1n-7 2.8 ± 0.1 3.0 ± 0.3
18:2n-6 24.8 ± 4.9 22.6 ± 2.3
18:3n-3 0.8 ± 0.1 0.8 ± 0.1
20:0 0.1 ± 0.0 0.1 ± 0.0
20:1n-9 0.7 ± 0.2 0.7 ± 0.1
20:2n-6 0.7 ± 0.1 0.7 ± 0.1
20:4n-6 0.5 ± 0.0 0.4 ± 0.1
Others 0.9 ± 0.1 0.7 ± 0.2
aResults expressed as percentage of total FA (mean ± SD).
bn = 3.

FIG. 1. Ion chromatograms showing the major TAG hydroperoxide
species of the oxidized sunflower seed oil (PV, 190 mequiv O2/kg). Mo-
lecular ions ([M + Na]+) with an acyl carbon number of 54 are shown.



It is noteworthy that our HPLC system was not optimized
for the analysis of TAG trihydroperoxides and other equally
polar TAG oxidation products. Also, the possibility that some
decomposition of hydroperoxy structures had occurred dur-
ing sample preparation cannot be excluded. However, in our
studies, TAG hydroperoxides have been observed to be rela-
tively stable during extraction procedures, TLC, and HPLC
runs. 

Our results suggest an effective degradation of hydroperox-
ides before and/or during the reassembly of TAG molecules in
the epithelial cells of small intestinal mucosa. The findings are
in line with the results of Kanazawa and Ashida (5,6), which

showed a very limited transport of hydroperoxides into the
small intestine. The results obtained from a limited number of
samples encourage further research on the physiological con-
sequences of dietary fat oxidation, which is an area currently
not too well understood. 
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TABLE 5
Postulated Structures of the Oxidized TAG Molecules Found in the Small Intestine Mucosal Samplesa

ACNb Hydroxides Epoxides Ketones

52 18:3 OH/18:2/16:0 18:2 epoxy/18:2/16:0 18:2 keto/18:2/16:0
18:2 OH/18:2/16:0 18:2 epoxy/18:1/16:0 18:2 keto/18:1/16:0
18:2 OH/18:1/16:0 18:1 epoxy/18:2/16:0 18:1 keto/18:2/16:0
18:1 OH/18:2/16:0 18:1 epoxy/18:1/16:0 18:1 keto/18:1/16:0
18:1 OH/18:1/16:0c 18:1 epoxy/18:0/16:0c 18:1 keto/18:0/16:0c

18:0 epoxy/18:1/16:0c 18:0 keto/18:1/16:0c

54 18:3 OH/18:2/18:2 18:3 epoxy/18:2/18:2 18:3 keto/18:2/18:2
18:2 OH/18:2/18:2 18:2 epoxy/18:2/18:2 18:2 keto/18:2/18:2
18:2 OH/18:2/18:1 18:2 epoxy/18:2/18:1 18:2 keto/18:2/18:1
18:1 OH/18:2/18:2 18:1 epoxy/18:2/18:2 18:1 keto/18:2/18:2
18:2 OH/18:1/18:1 18:2 epoxy/18:1/18:1 18:2 keto/18:1/18:1
18:1 OH/18:2/18:1 18:1 epoxy/18:2/18:1 18:1 keto/18:2/18:1

18:1 epoxy/18:1/18:1 18:1 keto/18:1/18:1
aThe most probable molecular structures based on m/z values, TAG FA compositions, and the assumption that the most un-
saturated FA is oxidized; regioisomers are not distinguished.
bAcyl carbon number of the molecule.
cUncertain/very weak peak in the chromatogram.

TABLE 6
Postulated Structures of the Oxidized TAG Molecules Found in the Adipose Tissue Samplesa

ACNb Hydroxides Epoxides Ketones

50 18:2 OH/16:1/16:0c 18:2 epoxy/16:1/16:0 18:2 keto/16:1/16:0
18:2 OH/16:0/16:0c 18:2 epoxy/16:0/16:0 18:2 keto/16:0/16:0
18:1 OH/16:0/16:0c 18:1 epoxy/16:0/16:0 18:1 keto/16:0/16:0

52 18:3 OH/18:2/16:0c 18:2 epoxy/18:2/16:0c 18:2 keto/18:2/16:0
18:2 OH/18:2/16:0c 18:2 epoxy/18:1/16:0c 18:2 keto/18:1/16:0
18:2 OH/18:1/16:0c 18:1 epoxy/18:2/16:0c 18:1 keto/18:2/16:0
18:1 OH/18:2/16:0c 18:1 epoxy/18:1/16:0c 18:1 keto/18:1/16:0
18:1 OH/18:1/16:0c 18:1 epoxy/18:0/16:0c 18:1 keto/18:0/16:0

18:0 epoxy/18:1/16:0c 18:0 keto/18:1/16:0

54 18:2 OH/18:2/18:2 18:2 epoxy/18:2/18:2 18:2 keto/18:2/18:2
18:2 OH/18:2/18:1 18:2 epoxy/18:2/18:1 18:2 keto/18:2/18:1
18:1 OH/18:2/18:2 18:1 epoxy/18:2/18:2 18:1 keto/18:2/18:2
18:2 OH/18:1/18:1 18:2 epoxy/18:1/18:1 18:2 keto/18:1/18:1
18:1 OH/18:2/18:1 18:1 epoxy/18:2/18:1 18:1 keto/18:2/18:1
18:1 OH/18:1/18:1 18:1 epoxy/18:1/18:1 18:1 keto/18:1/18:1

18:1 epoxy/18:1/18:0 18:1 keto/18:1/18:0
aThe most probable molecular structures based on m/z values, TAG FA compositions, and the assumption that the most un-
saturated FA is oxidized; regioisomers are not distinguished.
bAcyl carbon number of the molecule.
cUncertain/very weak peak in the chromatogram.
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ABSTRACT: Supercritical fluid extracts of New Zealand
green-lipped mussels (NZGLM) have been suggested to have
therapeutic properties related to their oil components. The large
number of minor FA in NZGLM extract was characterized by a
GC–CIMS/MS method that excels at identification of double-
bond positions in FAME. The extract contained five major lipid
classes: sterol esters, TAG, FFA, sterols, and polar lipids. The
total FA content of the lipid extract was 0.664 g/mL. Fifty-three
unsaturated FA (UFA) were fully identified, of which 37 were
PUFA, and a further 21 UFA were detected for which concen-
trations were too low for assignment of double-bond positions.
There were 17 saturated FA, with 14:0, 16:0, and 18:0 present
in the greatest concentration. The 10 n-3 PUFA detected in-
cluded 20:5n-3 and 22:6n-3, the two main n-3 FA; n-3 PUFA at
low concentrations were 18:3, 18:4, 20:3, 20:4, 21:5, 22:5,
24:6, and 28:8. There were 43 UFA from the n-4, n-5, n-6, n-7,
n-8, n-9, n-10, n-11 families, with 16:2n-4, 16:1n-5, 18:1n-5,
18:2n-6, 20:4n-6, 16:1n-7, 20:1n-7, 16:1n-9, 18:1n-9, and
20:1n-9 being the most abundant. In general, we estimated that
FAME concentrations greater than 0.05% (w/w) were sufficient
to assign double-bond positions. In total, 91 FA were detected
in an extract of the NZGLM, whereas previous studies of fresh
flesh from the NZGLM had reported identification of 42 FA.
These data demonstrate a remarkable diversity of NZGLM FA. 

Paper no. L9596 in Lipids 40, 355–360 (April 2005).

The New Zealand green-lipped mussel (NZGLM), Perna
canaliculus, is a bivalve native marine mussel from the mol-
lusc family Mytilidae that is found in the deep-sea beds in the
Hauraki Gulf in New Zealand’s North Island waters (1). It is
distinguishable from other bivalve species by the presence of
a bright green stripe around the posterior ventral margin of
the shell and its distinctive green lip, which is visible on the
inside of the shell. 

For a number of years, it has been claimed that prepara-
tions from the NZGLM have therapeutic value in the treat-
ment of inflammatory conditions including arthritis (2) and
asthma (3). Animal studies suggest a reduction in adjuvant-
induced polyarthritis, collagen-induced arthritis, or cara-
geenan-induced footpad edema when treated with extracts
from the NZGLM (4,5). Two commercial products from the
NZGLM have been produced. One is a stabilized freeze-dried
powder extract known as Seatone® (MacLab, Abbotsford,
Victoria, Australia); the other is a supercritical carbon diox-
ide oil extract from the freeze-dried stabilized powder, sold
in capsules after the addition of olive oil and vitamin E, that
is known as Lyprinol® (Pharmalink International, Queens-
land, Australia).

A recently developed CI–tandem MS (CI–MS/MS) method
using acetonitrile reagent gas enables identification of the num-
ber and position of double bonds in FAME (6,7). In this
method, acetonitrile self-reacts to produce the reagent (1-meth-
yleneimino)-1-ethenylium of mass 54 via a previously de-
scribed mechanism (8). The CI reaction yields diagnostic ions
of [M + 54]+, MH+, [MH − 32]+, and [MH − 32 − 18]+, which
are used to identify carbon chain length and number of double
bonds. The [M + 54]+ ion is isolated for MS2 analysis, where
fragmentation patterns vary depending on the number of dou-
ble bonds. In monoenes, cleavage takes place at bonds allylic
to the double bond; dienes exhibit fragmentation vinylic to the
double bonds. For higher-order polyenes, cleavage is at sites
vinylic to the second double bond from each end of the carbon
chain. The two diagnostic ions, previously designated α (ester-
containing) and ω (terminal methyl-containing), were used to
identify the location of the double bonds within the FAME (7).
Since full identification is possible using the highly predictable
fragments, FA standards are not needed, and less common FA
are readily identified. The advantages of this method have been
discussed previously (7). This identification method has been
used in several studies identifying FA within a sample, includ-
ing those present at less than 1% (w/w), in bovine milk fat (9),
mouse liver, primate brain (7), and other marine oils (10). The
aim of the present study was to examine the FA in the main
lipids found in the lipid extract from the NZGLM. 
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MATERIALS AND METHODS

The extract from NZGLM was obtained from McFarlane
Marketing (Melbourne, Australia). Briefly, to obtain the lipid
extract, mussels were harvested, crushed and stabilized, and
centrifuged; the supernatant extract from the mussels was
frozen and then freeze-dried. The lipids from the freeze-dried
powder were extracted in commercial quantities by supercrit-
ical CO2.

TLC. TLC was used to separate individual neutral lipid
classes [polar lipids (PL), TAG, FFA, sterols (ST), and sterol
esters (SE)] using a solvent system of hexane/diethyl
ether/glacial acetic acid (60:17:0.1). Individual fractions from
TLC separation were transmethylated with BF3 (14%) for 10
min at 100°C. A complete oil sample plus an internal stan-
dard of tricosanoic acid (23:0) was treated similarly to the
TLC fractions. Following methylation, heptane and a satu-
rated NaCl solution were then added to the mixture. The or-
ganic layer containing FAME was then removed for analysis.
Instrumentation. In all analyses, a Varian Saturn 2000 ion trap
mass spectrometer coupled to a Varian 3400 gas chromato-
graph (GC) equipped with a Varian 8200 autoinjector (Var-
ian, Walnut Creek, CA) was used. The column was an SGE
Chromatography Supplies (Austin, TX) BPX-70 (0.32 mm ×
0.25 µm × 60 m). The GC oven temperature was ramped from
60 to 170°C at 50°C/min, held for 5 min, ramped to 200°C at
4°C/min, held for 5 min, ramped to 255°C at 49°C/min, and
held for 9.18 min.

Analysis to determine FA identities was conducted using
CI–MS with acetonitrile as the CI reagent. The “CI Auto” op-
tion in the software with the following CI parameters was
used: CI storage level = 22.0 m/z, ejection amplitude = 8.0 V,
background mass = 65 m/z, maximum ionization time = 2500
µs, maximum reaction time = 100 ms, target total ion chro-
matogram = 5000 counts, and prescan ionization time = 100
µs. Additional mass spectrometer parameters were: emission
current = 20 µA; mass defect = 116 mmu/100 u; trap temper-
ature = 175°C; manifold temperature = 45°C; transfer line
temperature = 200°C; axial modulation = 3.6 V. Through
CI–MS, the chain length and number of double bonds were
determined. In CI–MS/MS with acetonitrile, the [M + 54]+

ion is trapped and then forms two diagnostic ions used to de-
termine the location of the double bond (7). 

Percent composition and concentrations of FA were deter-
mined through EI–MS. Samples were run in triplicate and
peaks were integrated using Varian Saturn GC–MS Worksta-
tion software, version 5.2.1. In these runs, each FA had a dif-
ferent ionization efficiency, resulting in peak areas not pro-
portional to their concentration. To compensate for this, an
equal-weight FAME mixture, 68A (Nu-Chek-Prep, Elysian,
MN), was run along with samples to generate instrumental
response factors. Response factors for all FA in the sample
were based on comparable FA in the 68A mixture. For FA not
included in 68A, the response factor was interpolated from
those directly calculated. Factors used in interpolation in-
clude: number of carbons, number of double bonds, and loca-

tion of the double bond relative to the end of the chain. All
factors were normalized relative to 16:0. The raw peak area
was multiplied by the appropriate response factor to generate
peak areas proportional to the amount of FA in the sample.
The adjusted peak areas were used to determine the percent
composition of the FA in the sample. Concentrations were de-
termined based on the known concentration of the internal
standard added to the original sample. 

RESULTS

The lipid extract contained five major fractions as separated
by TLC, which corresponded to SE, TAG, FFA, ST, and PL.
The total FA content of the lipid extract, derived from the
analysis of the total FA, amounted to 664 mg/mL of the sam-
ple; SE was present at 41.4% (230 mg/mL); TAG, 7.7% (43
mg/mL); FFA, 46.8% (260 mg/mL); and PL, 4.1% (23
mg/mL). The identity of the bands between ST and PL has
not been established; however, they may be partial glycerides.
In contrast to this commercial extract, the lipid extract of
fresh NZGLM contains 57–62% phospholipids (11).

Table 1 shows all FA revealed from analysis, including 70
fully identified FA and 21 for which it was not possible to as-
sign the identification of the position of the double bonds.
Eighteen unresolved FA pairs were present. Seventeen satu-
rated FA were identified, the main ones being 14:0, 16:0, and
18:0. There were 10 n-3 PUFA identified, including EPA and
DHA as the two main n-3 PUFA. Other n-3 PUFA included
18:3, 18:4, 20:3, 20:4, 21:5, 22:5, 24:6, and 28:8.

Forty-three UFA from the n-4, n-5, n-6, n-7, n-8, n-9, n-10,
families were also identified, with 16:2n-4, 16:1n-5, 18:1n-5,
18:2n-6, 20:4n-6, 16:1n-7, 20:1n-7, 16:1n-9, 18:1n-9, and
20:1n-9 being the most abundant FA in these six families. 

Eighteen FA pairs could not be separated by this tech-
nique. The two most abundant were 20:5/20:4n-3 and
22:2/22:4. It was not possible to assign the position of double
bonds in 21 FA. The reason for this was their low proportion,
in general less than 0.05% (w/w), in the total mixture. The
20:5 present in the unresolved peak was an unidentified iso-
mer, separate from the major, fully resolved component,
20:5n-3.

Of the 91 FA reported, only 16 represented more than 1%
of the total FA. In decreasing order of abundance, these were
EPA, 16:0, DHA, 14:0, 16:1n-7, 18:0, 18:1n-5, 18:4n-3,
18:2n-6, 20:4n-6, 18:3n-3, 16:1n-5, 20:1n-9, 18:1n-9, 15:0,
and 16:1n-9. 

The FA of the four main FA-containing fractions were also
analyzed, as shown in Table 2. The proportion of the main FA
in these fractions was not the same, with the most obvious dif-
ferences being for 14:0, which varied from 5.29% of PL FA
to 8.72% of FFA; 16:0, which varied from 12.27% of PL FA
to 23.04% of FFA; 20:5n-3, which varied from 16.89% for
TAG to 26.91% for PL FA; and 22:6n-3, which varied from
11.40% for TAG to 18.44% for PL FA. In terms of FA com-
position, the FFA and TAG FA were the most similar of the
four fractions.
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DISCUSSION

The gas phase derivatization reaction developed in our labo-
ratory (7) allowed for the more detailed FA profile. Previous
analysis of fresh NZGLM flesh by nonpolar GC identified 42
FA, of which 16 accounted for greater than 1% of total FA
(11). In the current analysis, no FA unique to the NZGLM
were found. However, several less common FA were ob-
served in the sample, including 14:1n-5, 14:1n-7, 15:1n-9,
16:2n-4, 16:3n-4, 17:1n-4, 17:1n-5, 17:1n-7, 17:1n-9, 17:1
n-11, 18:2n-4, 18:3n-4, 18:4n-4, 19:1n-7, 19:4n-5, and 21:5n-
3. The presence of these particular FA is consistent with pre-
vious analyses of FA in marine life, including the mussel
species Mytilus galloprovincialis (12,13). There is no record
of these FA appearing in mammals or other terrestrial species.
As with previous occurrences of these FA, they appeared as a
minor fraction of the total FA found and were present at less
than 1% of the total lipid composition. Other samples have

also been analyzed using this method to find minor FA com-
ponents. Samples from golden algae (Schizochytrium sp.),
primate brain white matter, and mouse liver were examined,
and all showed a number of minor components (7). 

In the analysis of saturated FA, four were found to appear
in multiple peaks: 14:0 (3 peaks), 15:0 (3 peaks), 16:0 (3
peaks), 17:0 (3 peaks). This occurrence is most likely the re-
sult of branched-chain FA including isoprenoid FA, with dif-
ferent isomers being resolved in the chromatographic analy-
sis. Our method applies only to UFA since reaction with a
double bond is required; thus, chain branching in saturated
FA cannot be established. Murphy et al. (11) reported three
branched-chain FA in fresh samples of the NZGLM (4,8,12-
trimethyl tetradecanoic acid, i17:0, i18:0).

Omega-3 (n-3) FA made up a significant amount of the FA
in the sample, with 40% of all FA being in this category. DHA
and EPA accounted for 84% of the n-3 PUFA. EPA and DHA
are also present in high amounts in other species, including
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TABLE 1
FA Composition and Concentration of the Total Lipids from a Lipid Extract of the New Zealand Green-Lipped Mussela

FA Weight % mg/mL oil FA Weight % mg/mL oil

12:0 0.07 ± 0.01 0.45 ± 0.03 15:1n-9 0.01 ± 0.01 0.08 ± 0.07
14:0 0.04 ± 0.00 0.25 ± 0.02 18:1n-9 1.24 ± 0.23 8.18 ± 1.50
14:0 0.00 ± 0.00 0.01 ± 0.01 20:1n-9 1.60 ± 0.09 10.6 ± 0.6
14:0 8.42 ± 0.14 55.7 ± 1.1 22:1n-9 0.01 ± 0.00 0.07 ± 0.01
15:0 1.05 ± 0.01 6.96 ± 0.09
16:0 18.4 ± 0.2 122 ± 2 16:1n-10 0.43 ± 0.01 2.82 ± 0.06
17:0 0.13 ± 0.03 0.84 ± 0.16
17:0 0.78 ± 0.02 5.17 ± 0.08 14:1n-7/15:0 0.07 ± 0.01 0.43 ± 0.05
18:0 3.34 ± 0.05 22.1 ± 0.3 15:0/15:1 0.08 ± 0.00 0.54 ± 0.02
20:0 0.05 ± 0.00 0.35 ± 0.02 15:1n-6/16:0 0.11 ± 0.00 0.74 ± 0.01
22:0 0.04 ± 0.00 0.25 ± 0.03 16:1n-9,7,5 10.3 ± 0.2 68.1 ± 1.6

17:1n-9,11/16:2n-7 0.00 ± 0.00 0.00 ± 0.00
18:3n-3 1.61 ± 0.04 10.7 ± 0.2 16:2n-6/17:0 0.02 ± 0.01 0.16 ± 0.06
18:4n-3 2.70 ± 0.17 17.8 ± 1.1 17:1n-7,5 0.01 ± 0.00 0.08 ± 0.01
20:3n-3 0.05 ± 0.01 0.35 ± 0.09 17:1n-7,8 0.03 ± 0.00 0.16 ± 0.02
20:5n-3 21.2 ± 0.4 140 ± 3 18:0/17:1n-6 0.19 ± 0.00 1.23 ± 0.02
21:5n-3 0.52 ± 0.02 3.45 ± 0.10 16:3n-4/17:1n-4 0.18 ± 0.01 1.19 ± 0.04
22:5n-3 0.70 ± 0.02 4.64 ± 0.13 18:1n-11,9 0.14 ± 0.01 0.94 ± 0.04
22:6n-3 13.1 ± 0.1 86.5 ± 0.8 18:2n-6/19:1 1.74 ± 0.03 11.5 ± 0.1
24:6n-3 0.25 ± 0.02 1.66 ± 0.13 19:1n-9,8/18:3n-6 0.14 ± 0.00 0.92 ± 0.01
28:8n-3 0.18 ± 0.03 1.20 ± 0.17 20:2/19:4n-5 0.07 ± 0.01 0.43 ± 0.04

20:3/21:1 0.18 ± 0.00 1.19 ± 0.03
16:2n-4 0.87 ± 0.00 5.75 ± 0.03 20:5/20:4n-3 0.43 ± 0.02 2.85 ± 0.12
18:2n-4 0.36 ± 0.01 2.38 ± 0.08 22:2/22:4 0.40 ± 0.02 2.64 ± 0.10
18:3n-4 0.25 ± 0.01 1.64 ± 0.03 22:5n-6/24:0 0.18 ± 0.01 1.16 ± 0.08
18:4n-4 0.00 ± 0.00 0.01 ± 0.00

12:1 0.01 ± 0.00 0.07 ± 0.03
14:1n-5 0.02 ± 0.00 0.10 ± 0.02 14:1 0.03 ± 0.00 0.18 ± 0.01
18:1n-5 3.15 ± 0.03 20.9 ± 0.3 15:1 0.00 ± 0.00 0.00 ± 0.00

18:1 0.01 ± 0.00 0.05 ± 0.02
20:2n-6 0.37 ± 0.01 2.46 ± 0.06 18:1 0.04 ± 0.00 0.27 ± 0.01
20:3n-6 0.19 ± 0.01 1.22 ± 0.03 20:2 0.60 ± 0.04 4.00 ± 0.22
20:4n-6 1.73 ± 0.09 11.5 ± 0.6 22:1 0.00 ± 0.00 0.03 ± 0.00
22:4n-6 0.16 ± 0.01 1.03 ± 0.09 22:3 0.20 ± 0.01 1.35 ± 0.03

22:3 0.37 ± 0.02 2.45 ± 0.10
18:1n-7 0.13 ± 0.00 0.86 ± 0.02 24:1 0.04 ± 0.04 0.26 ± 0.29
18:2n-7 0.03 ± 0.01 0.22 ± 0.07 22:5 0.03 ± 0.00 0.16 ± 0.01
19:1n-7 0.26 ± 0.01 1.69 ± 0.06 24:4 0.01 ± 0.01 0.09 ± 0.03
20:1n-7 0.90 ± 0.03 5.93 ± 0.18 24:5 0.10 ± 0.03 0.68 ± 0.17
aResults shown as mean ± SD of triplicate determinations.



the bivalves Ostrea lutaria and Crassostrea gigas; in another
New Zealand mollusc, M. canaliculus, DHA and EPA ac-
count for 85% of n-3 FA (14). 

The very long chain FA 28:8n-3 was also found in this sam-
ple. This FA was discovered in dinoflagellate oils (10,15), as well
as the in the Tasmanian blue mussel (M. edulis) (11). It has been

358 C.J. WOLYNIAK ET AL.

Lipids, Vol. 40, no. 4 (2005)

TABLE 2
FA Composition (%) of the Different Fractions from the TLC-Fractionated Lipid Extract from the New Zealand
Green-Lipped Mussela

FA Polar lipids FFA TAG Sterol esters

12:0 0.17 ± 0.00 0.09 ± 0.01 0.07 ± 0.02 0.19 ± 0.01
14:0 0.06 ± 0.00 0.03 ± 0.00 0.02 ± 0.01 0.07 ± 0.00
14:0 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.03 ± 0.00
14:0 5.34 ± 0.21 8.80 ± 0.24 7.18 ± 0.10 7.44 ± 0.19
15:0 0.59 ± 0.00 1.11 ± 0.04 0.83 ± 0.01 0.79 ± 0.00
16:0 12.37 ± 0.02 23.24 ± 0.41 20.90 ± 0.26 15.86 ± 0.13
17:0 0.11 ± 0.01 0.11 ± 0.00 0.14 ± 0.00 0.11 ± 0.01
17:0 0.38 ± 0.01 0.74 ± 0.03 0.86 ± 0.01 0.52 ± 0.00
18:0 2.16 ± 0.02 4.00 ± 0.03 5.67 ± 0.06 3.11 ± 0.05
20:0 0.04 ± 0.00 0.04 ± 0.00 0.10 ± 0.00 0.05 ± 0.00
22:0 0.05 ± 0.00 0.02 ± 0.00 0.05 ± 0.00 0.04 ± 0.00

18:3n-3 1.94 ± 0.03 1.59 ± 0.01 1.26 ± 0.07 1.71 ± 0.01
18:4n-3 4.38 ± 0.04 2.50 ± 0.11 2.03 ± 0.07 3.69 ± 0.08
20:3n-3 0.05 ± 0.00 0.05 ± 0.00 0.06 ± 0.00 0.02 ± 0.00
20:5n-3 27.13 ± 0.03 19.26 ± 0.28 16.69 ± 0.20 22.13 ± 0.19
21:5n-3 0.73 ± 0.02 0.45 ± 0.00 0.41 ± 0.01 0.56 ± 0.02
22:5n-3 0.88 ± 0.02 0.65 ± 0.01 0.71 ± 0.01 0.77 ± 0.01
22:6n-3 18.60 ± 0.17 11.94 ± 0.09 11.27 ± 0.27 14.66 ± 0.14
24:6n-3 0.13 ± 0.01 0.10 ± 0.01 0.11 ± 0.01 0.16 ± 0.01
28:8n-3 0.10 ± 0.00 0.06 ± 0.00 0.06 ± 0.01 0.07 ± 0.01

16:2n-4 0.87 ± 0.01 0.78 ± 0.03 0.64 ± 0.02 0.75 ± 0.00
18:2n-4 0.34 ± 0.01 0.32 ± 0.01 0.33 ± 0.01 0.37 ± 0.00
18:3n-4 0.19 ± 0.00 0.17 ± 0.01 0.05 ± 0.01 0.16 ± 0.01
18:4n-4 0.03 ± 0.00 0.01 ± 0.00 0.03 ± 0.00 0.04 ± 0.00

14:1n-5 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00
18:1n-5 2.06 ± 0.03 2.31 ± 0.07 2.43 ± 0.01 2.51 ± 0.04

20:2n-6 0.34 ± 0.01 0.37 ± 0.01 0.46 ± 0.00 0.42 ± 0.01
20:3n-6 0.22 ± 0.00 0.18 ± 0.01 0.24 ± 0.01 0.22 ± 0.00
20:4n-6 1.87 ± 0.02 1.86 ± 0.02 1.54 ± 0.04 1.74 ± 0.03
22:4n-6 0.16 ± 0.00 0.16 ± 0.00 0.20 ± 0.01 0.18 ± 0.01

18:1n-7 0.10 ± 0.00 0.13 ± 0.00 0.06 ± 0.02 0.13 ± 0.00
18:2n-7 0.02 ± 0.00 0.01 ± 0.00 1.11 ± 0.09 0.01 ± 0.00
19:1n-7 0.09 ± 0.15 0.00 ± 0.00 0.13 ± 0.11 0.00 ± 0.00
20:1n-7 0.69 ± 0.03 0.79 ± 0.03 1.16 ± 0.04 0.93 ± 0.03

15:1n-9 0.05 ± 0.01 0.02 ± 0.00 0.12 ± 0.01 0.19 ± 0.01
18:1n-9 1.06 ± 0.01 0.94 ± 0.05 1.35 ± 0.05 1.43 ± 0.01
20:1n-9 0.97 ± 0.03 1.29 ± 0.05 2.11 ± 0.08 1.47 ± 0.03
22:1n-9 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00

16:1n-10 0.48 ± 0.02 0.42 ± 0.01 0.66 ± 0.01 0.63 ± 0.01

14:1n-7/15:0 0.06 ± 0.00 0.07 ± 0.01 0.07 ± 0.00 0.06 ± 0.01
15:0/15:1 0.06 ± 0.00 0.08 ± 0.00 0.10 ± 0.00 0.07 ± 0.00
15:1n-6/16:0 0.07 ± 0.01 0.11 ± 0.00 0.10 ± 0.01 0.08 ± 0.00
16:1n-9,7,5 10.54 ± 0.09 10.62 ± 0.21 11.88 ± 0.30 11.63 ± 0.09
17:1n-9,11/16:2n-7 0.03 ± 0.00 0.03 ± 0.00 0.03 ± 0.01 0.05 ± 0.00
16:2n-6/17:0 0.01 ± 0.00 0.01 ± 0.00 0.79 ± 0.01 0.00 ± 0.00
17:1n-7,5 0.01 ± 0.00 0.01 ± 0.00 0.29 ± 0.00 0.01 ± 0.00
17:1n-7,8 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.03 ± 0.00
18:0/17:1n-6 0.16 ± 0.00 0.14 ± 0.01 0.24 ± 0.01 0.17 ± 0.00

(continued)



suggested that the presence of 28:8n-3 in the mussel species is
dietary in origin, with algae being a source (15). Since its recent
discovery, it has been detected in marine oils but not in tissues of
terrestrial mammals. Because it is 4-5 desaturated, 28:8n-3 is a
structural analog of 22:6n-3; however, no physiological proper-
ties have yet been reported for this FA in mammals.

The technique used for this analysis allowed for a more de-
tailed FA profile of the analyte. Previously, FA were quantified
using GC–FID, and the GC–MS method used here was used
only for qualitative determination of FA. Through the use of
EI–MS, the amount of the various FA was determined. Response
factors for the various FA were more difficult to determine.
However, this method is advantageous also in that a smaller sam-
ple amount is required for analysis. In decreasing the sample
concentration, GC resolution increased, permitting the observa-
tion of those FA present in small amounts, especially those pre-
sent at less than 1% of the whole sample. Full identification was
still not possible for some FA present in low concentrations
owing to inefficient ionization or reaction with the CI reagent. In
these cases, the amount of [M + 54]+ ion formed was not enough
to allow for proper MS–MS analysis.
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ABSTRACT: FA components of 11 musts made from grape cul-
tivars grown for making red wine in various regions of Japan and
of wines made from the musts were compared to elucidate vari-
ety-dependent characteristics and to clarify their effect on FA
ethyl ester (FAEE) formation in wine. Sixteen FA with carbon
chain lengths from 12 to 26 were detected in all musts, with
palmitic, linoleic, and linolenic acids generally predominating.
Higher levels of linoleic acid were found in musts from a cold re-
gion (Hokkaido), and higher levels of oleic acid occurred in musts
from a warm region (Honshu). Moreover, the unsaturation in-
dexes (1.31–1.56) of five grape musts from the cold region
showed significant differences among varieties, corresponding to
the grapevines’ degree of cryotolerance. The FA levels (610–
6,610 nmol/100 mL) of all wines were extremely low (1.2–
12.8%) compared with those of must, but the FA compositions
were similar to those of must. Additionally, significant amounts
of FAEE, possibly derived from yeast activity, were found in wines
by using a solid-phase extraction method. The amounts of FAEE
in wine significantly differed among samples (245–904 nmol/100
mL) and were inversely correlated with the percentage of linoleic
acid in musts (R = −0.883). Thus, higher linoleic acid levels in
must may be related to lower FAEE formation by yeast. 

Paper no. L9646 in Lipids 40, 361–367 (April 2005).

Although lipid moieties derived from grapes and microbes
exist in wine (1,2), there has been little research on the lipid
components of wine compared with studies of other alcoholic
beverages such as sake, beer, and whisky made from grains.
The lipid components of rice used for making sake were found
to correlate strongly with sake quality (3,4). Therefore, the re-
lationship between the lipids in raw materials and yeast-medi-
ated aroma formation, including esters, during alcoholic fer-
mentation would be of particular interest in wine making. 

As for the lipid-related components of wine, some research
has detected only carotenoids and aroma components such as
higher alcohols and esters (5–7). However, we recently re-
ported that the FA composition of 12 commercial red wines dif-
fered with production method, grape harvest area, and aging

duration (8). Moreover, when changes in FA levels during wine
production were investigated, high FA levels that were noted
in must (29.5 mg/100 mL) declined to less than 4% by the bot-
tled wine stage, accompanied by a decreased unsaturated FA
proportion (8). In this study, the FA characteristics of 11 musts
harvested in Japan, differing in both cultivation areas and grape
varieties, were investigated, particularly with respect to
whether the FA values may be useful as a way to identify the
grape growing region and to variety-dependent characteristics
such as cryotolerance. Moreover, we examined the wine after
alcoholic fermentation to clarify the relationship between the
FA levels of must and the formation of fatty acid ethyl ester
(FAEE), an important flavor compound in wine.

MATERIALS AND METHODS

Must and wine samples. Eleven grape samples (approximately
10 kg each), listed in Table 1, were used in 2002 for wine pro-
duction at Tokachi-Ikeda Research Institute for Viticulture and
Enology (Ikeda, Hokkaido, Japan). The musts (nos. 1–5) from
five grape varieties grown in Hokkaido in 2001 and 2003 also
were analyzed. Three samples (nos. 6, 7, and 10), two samples
(nos. 8 and 11) and sample no. 9 were kindly donated by the
National Research Institute of Brewing (Higashihiroshima,
Japan), University of Yamanashi (Kofu, Japan), and Asahi-
machi-wine (Yamagata, Japan), respectively. Must was ob-
tained from a free run of destemmed and crushed grapes prior
to alcoholic fermentation. Alcoholic fermentation was carried
out using a commercial yeast (Lalvin EC1118; Lallemand Inc.,
Montréal, Canada), at 25°C. Wine was at the stage after the first
racking, subsequent to alcoholic fermentation (at 1 mon from
must and before malo-lactic fermentation). The samples were
immediately frozen at −30°C after sampling, and were stored
at this temperature until analysis. Samples obtained were im-
mediately subjected to general analysis and lipid extraction. 

Grape varieties used in this study were collected from the
northern part of Japan, in Hokkaido, to the southwestern part
of Japan, in Hiroshima (Fig. 1). Since Hokkaido is located
close to the northern limit of grape cultivation in Japan
(around latitude 43°), where minimum temperatures can
reach −30°C in winter, common grape varieties do not sur-
vive (9). Therefore, grape varieties for vinification were bred
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with high cryotolerance (samples 2 and 3) by using the cross-
breeding method with Vitis vinifera and wild grape (V.
amurensis Rupr.; sample 4).

The cryotolerance of the five grapevines grown in Hokkaido
was greatest in wild grape, followed by Kiyomai ≅ Yamasachi,
Kiyomi, and lowest in Zweigeltrebe (9). Total acidity in musts
ranged from 4.8 to 33.5; musts from grapes grown in the cold
region (Hokkaido) showed particularly higher values, from 8.8
to 33.5, compared with those of the other six samples (Table
1). Wild grape, with a notably high cryotolerance, exhibited the
highest total acidity value (33.5), estimated as tartaric acid
equivalent. However, the differences in cultivation areas led to
significant differences in total acidities (4.8–7.9), even in the
same variety such as Muscat Bailey A (samples nos. 6–9). 

General analysis of must and wine. The specific gravity,
sugar contents, pH, and total acidity were analyzed according
to the Official Method of the Japan National Tax Administra-
tion (10).

FA analysis. Lipophilic components were extracted from
must and wine with a mixture of chloroform and methanol, and
were then reacted with methanolic 5% HCl for 2 h at 95°C to
prepare FAME, as described previously (8). The FAME were
analyzed using a Shimadzu GC-2010 gas–liquid chromato-
graph equipped with a hydrogen FID and a capillary column of
CP-SIL 88 (50 m × 0.25 mm i.d., film thickness 0.2 mm; GL
Science, Tokyo, Japan). The column was programmed from 80
to 180°C at 15°C/min, then increased to 220°C at 2°C/min, and
finally held for 10 min. Nitrogen was used as the carrier gas,
and the injector and detector temperatures were maintained at
210 and 210°C, respectively. Tridecanoic acid was used as an
internal standard for quantitative analyses. To identify FAME,
GC–MS was conducted using a Shimadzu QP-2010 gas chro-
matograph–mass spectrometer equipped with the same capil-
lary column that was used for GC. Helium was used as the car-
rier gas, the injector temperature was maintained at 240°C, and
the ionizing energy was 70 eV.

Analysis of the FAEE by solid-phase extraction and
GC–MS. The FAEE component of wine was separated using a

solid-phase extraction method (11). Briefly, a cartridge
(LiChrolut EN 200 mg/3 mL; Merck, Darmstadt, Germany)
was rinsed with 4 mL dichloromethane, 4 mL methanol, and
finally 4 mL 12% ethanol. Wine (50 mL) was centrifuged at
1,500 × g for 15 min. After transferring the supernatant, the
pellet was washed with 25 mL of 12% ethanol (vol/vol) and
separated by centrifugation. The combined supernatant was
loaded into the preconditioned cartridge, approximately 2
mL/min. Then the sorbent was dried by letting air pass through
it using an aspirator for 10 min and eluted with 1.3 mL
hexane/diethyl ether (9:1, vol/vol). Five microliters of ethyl
tridecylate solution (1 mg/mL hexane) as an internal standard
and an appropriate amount of anhydrous Na2SO4 were added
to the eluted sample. FAEE was analyzed using GC–MS for the
FA analysis. The column temperature was initially 40°C for 5
min, then programmed from 40 to 70°C at 4°C/min, and finally
at 8°C/min to 230°C, and held for 5 min. The reproducibility
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TABLE 1
General Components in Musts and in Wines After Alcoholic Fermentation

Air Must Wine
temperature Sugar Total Specific alcohol Total

Variety Harvest area (°C) (%) pH acidity gravity (%,v/v) pH acidity

1 Kiyomi Hokkaido 62.7 15.0 3.1 14.5    0.997 11.1 3.4 11.7    
2 Kiyomai Hokkaido 62.7 20.6 2.8 19.1    0.999 10.5 3.3 13.4    
3 Yamasachi Hokkaido 62.7 20.1 2.9 16.3    0.999 11.1 3.2 13.6    
4 Wild grape Hokkaido 62.7 10.2 2.7 33.5    1.000 11.2 3.1 18.3    
5 Zweigeltrebe        Hokkaido 70.5 18.6 3.1 8.8    0.994 11.8 3.4 8.3    
6 Muscat Bailey A Shimane 95.7 19.2 3.8 4.8    0.995 12.0 3.8 6.6    
7 Muscat Bailey A Hiroshima 95.2 15.9 3.4 7.3    0.993 11.8 3.6 8.2    
8 Muscat Bailey A Yamanashi 98.0 16.9 3.5 5.0    0.993 12.0 3.5 7.2    
9 Muscat Bailey A Yamagata 84.8 18.6 3.4 7.9    0.994 11.5 3.4 9.1    

10 Merlot Hiroshima 95.2 16.4 3.4 7.9    0.994 12.0 3.4 7.3    
11 Cabernet Sauvignon Yamanashi 98.0 19.4 3.4 7.3    0.996 11.8 3.5 9.1    
aAir temperature means the summation of average air temperature of four months from June to September.
bTotal acidity (mL) was estimated as the tartaric acid equivalent.

FIG. 1. Grape harvesting areas in Japan. The winery where the samples
were prepared is in the Tokachi district of Hokkaido. Numbers repre-
sent degrees north of the equator.



of the method was determined by using standard ethyl butyrate,
ethyl caprate, ethyl palmitate, ethyl oleate, and ethyl linoleate
in a model wine solution, which contained 0.75 g/100 mL tar-
taric acid and 12% ethanol at pH 3.5 in distilled water. The re-
coveries of the five compounds ranged from 92 to 97%.

Statistical analysis. All data for lipid analyses are presented
as averages from at least three independent experiments, along
with the SD. Statistical significance was evaluated by ANOVA
and tested by Scheffé analysis. For all statistical analyses, sig-
nificance was established at P < 0.05, P < 0.01, and P < 0.001.

RESULTS

FA in must. Total FA concentrations ranged from 30,500 to
82,400 nmol/100 mL in the musts (Table 2). Considerable
amounts of FA were detected in four samples (Kiyomi, Ki-
yomai, Yamasachi, and wild grape) from cryotolerant grapes
grown in Hokkaido; concentrations were 56,600 to 82,400
nmol/100 mL. Sixteen FA with carbon chain lengths from 12
to 26 were detected in all samples (Table 2). Palmitic, linoleic,
and linolenic acids were generally present as major compo-
nents at 21.6 to 30.1%, 26.6 to 47.4%, and 9.2 to 20.5%, re-
spectively. However, linoleic acid proportions showed signifi-
cant differences among the samples, being particularly higher
in five must samples from Hokkaido compared with those from
other regions. Oleic acid was also one of the major FA, with
levels at 13.7 to 21.3% in four Muscat Bailey A samples (nos.
6–9) and one Merlot sample (no. 10). 

Unsaturation indexes, indicating the degree of FA unsatura-

tion (Table 2), ranged from 1.30 to 1.58 for five must samples
(nos. 1–5) grown in Hokkaido; these values were higher than
those in musts prepared from grapes grown in lower latitudes
(1.18–1.29). Moreover, among the five grapes grown in
Hokkaido, the order of the unsaturation indexes in must was
identical to the level of cryotolerance (Table 2). Wild grape
(sample no. 4), with the highest cryotolerance, showed the
highest unsaturation index (1.58), whereas Zweigeltrebe (sam-
ple no. 5), with the lowest cryotolerance, showed the lowest
value (1.30). It thus follows that the FA compositions of musts,
derived from grapes from the same cultivation area, have indi-
vidual specific profiles related to their variety-dependent char-
acteristics. To confirm this, the FA compositions of five grape
musts grown in Hokkaido from 2001 to 2003 were compared
(Fig. 2). The unsaturation indexes over 3 yr showed significant
differences among the five varieties tested.

Comparison of FA components between musts and wines.
Total FA concentrations in wines (after the first racking subse-
quent to alcoholic fermentation) ranged from 610 to 6,610
nmol/100 mL (Table 3), markedly lower than the must stage
(Table 2) for all samples tested. This decrease compared with
must was least at 87.2% for sample no. 9 and was highest, at
98.1%, for sample no. 5. There was also a positive correlation
(R = 0.775, P < 0.01) between the total acyl concentrations of
each must sample and wine sample (Fig. 3).

As for the FA components of wine, 10:0 (capric acid) was
detected as a new component (0.9–4.9%), in addition to 16
other FA with carbon chain lengths from 12 to 26 (all being al-
ready present in must). Of those, palmitic and linoleic acids
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TABLE 2
FA Compositions (mol% ± SD) in Musts Made from Grapes Grown in Japan

Harvest areaa

FA 1 2 3 4 5 6 7 8 9 10 11

12:0 0.2 ± 0.0 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.3 ± 0.1 0.3 ± 0.0 0.3 ± 0.0 0.4 ± 0.0 0.2 ± 0.1 0.2 ± 0.1
14:0 0.3 ± 0.0 0.4 ± 0.2 0.2 ± 0.1 0.4 ± 0.2 0.5 ± 0.2 0.8 ± 0.0 0.6 ± 0.0 0.7 ± 0.0 0.7 ± 0.4 0.5 ± 0.1 0.5 ± 0.2
16:0 26.8 ± 0.9 26.0 ± 0.4 27.0 ± 0.3 21.6 ± 0.5 26.2 ± 1.0 25.8 ± 0.5 25.4 ± 0.8 25.0 ± 0.7 23.3 ± 0.2 30.1 ± 0.3 29.8 ± 0.2
16:1(7) <0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.1
16:1(9) 0.6 ± 0.4 0.5 ± 0.0 0.3 ± 0.2 0.5 ± 0.1 0.2 ± 0.2 0.2 ± 0.0 0.4 ± 0.0 0.4 ± 0.1 1.1 ± 0.1 0.5 ± 0.0 0.4 ± 0.0
18:0 2.3 ± 0.1 2.2 ± 0.1 1.9 ± 0.4 1.9 ± 0.3 3.1 ± 1.6 4.5 ± 0.1 2.9 ± 0.0 2.4 ± 0.1 2.9 ± 0.1 3.4 ± 0.1 2.5 ± 0.3
18:1(9) 4.2 ± 0.3 6.4 ± 0.2 5.2 ± 0.5 5.5 ± 0.9 6.8 ± 0.8 21.0 ± 0.2 20.3 ± 0.3 13.7 ± 0.1 21.3 ± 1.3 17.1 ± 0.2 8.1 ± 0.1
18:1(11) 0.6 ± 0.0 0.9 ± 0.0 0.9 ± 0.1 0.7 ± 0.0 0.9 ± 0.1 0.9 ± 0.1 0.8 ± 0.1 1.0 ± 0.0 1.0 ± 0.0 0.6 ± 0.1 0.9 ± 0.0
18:2(9,12) 45.1 ± 0.4 40.3 ± 0.4 42.2 ± 0.8 44.7 ± 1.3 47.4 ± 3.0 26.6 ± 0.2 29.3 ± 0.5 34.5 ± 0.3 29.8 ± 0.3 27.0 ± 0.3 37.4 ± 0.6
18:3(9,12,15) 14.4 ± 0.2 18.7 ± 0.4 17.2 ± 0.0 20.5 ± 0.4 9.2 ± 0.4 14.2 ± 0.1 14.6 ± 0.2 14.9 ± 0.1 13.0 ± 0.1 14.8 ± 0.3 13.3 ± 0.1
20:0 0.8 ± 0.0 0.7 ± 0.0 0.7 ± 0.0 0.5 ± 0.0 1.1 ± 0.1 1.2 ± 0.0 0.8 ± 0.0 0.9 ± 0.1 1.0 ± 0.1 0.9 ± 0.0 1.0 ± 0.1
22:0 2.0 ± 0.1 2.0 ± 0.1 2.0 ± 0.1 1.5 ± 0.1 2.2 ± 0.0 2.4 ± 0.1 2.0 ± 0.1 2.9 ± 0.1 2.6 ± 0.1 2.0 ± 0.0 2.3 ± 0.0
23:0 0.7 ± 0.6 0.6 ± 0.2 1.1 ± 0.2 1.1 ± 0.0 1.0 ± 0.1 0.4 ± 0.1 0.7 ± 0.3 1.1 ± 0.2 1.1 ± 0.6 1.0 ± 0.4 0.8 ± 0.1
24:0 0.9 ± 0.2 0.8 ± 0.0 0.8 ± 0.0 0.7 ± 0.1 0.7 ± 0.0 0.8 ± 0.2 0.9 ± 0.0 1.1 ± 0.1 1.0 ± 0.2 0.9 ± 0.0 1.2 ± 0.1
25:0 0.6 ± 0.5 <0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.3 ± 0.1
26:0 0.5 ± 0.1 0.3 ± 0.0 0.2 ± 0.2 0.1 ± 0.1 0.4 ± 0.1 0.6 ± 0.5 0.7 ± 0.0 0.8 ± 0.0 0.5 ± 0.0 0.7 ± 0.2 1.1 ± 0.2

Total acylsb 658 ± 88 824 ± 175 566 ± 129 662 ± 76 385 ± 77 421 ± 81 360 ± 60 305 ± 15 323 ± 39 399 ± 44 364 ± 46

ΣSFA/ΣUFAc 0.54 ± 0.02 0.50 ± 0.02 0.52 ± 0.01 0.39 ± 0.02 0.55 ± 0.07 0.58 ± 0.01 0.52 ± 0.02 0.55 ± 0.01 0.51 ± 0.03 0.66 ± 0.02 0.66 ± 0.01
UId 1.39 ± 0.02 1.45 ± 0.02 1.43 ± 0.01 1.58 ± 0.03 1.30 ± 0.07 1.18 ± <0.011.24 ± 0.02 1.29 ± 0.01 1.22 ± 0.01 1.17 ± 0.02 1.24 ± 0.01
aFor harvest area see Table 1.
b(× 102 nmol/100 mL)
cΣSFA = Σ saturated FA; ΣUFA = Σ unsaturated FA.
dUnsaturation index = (Σmi ⋅ ni)/100, where mi is the percentage of each FA and ni is the number of C–C double bonds in each FA i.



were generally predominant at 26.7–37.5% and 12.1–35.6%,
respectively, in all samples (Table 3). High proportions of oleic
acid, as well as both palmitic and linoleic acids, at 11.0 to
18.6%, were detected in wines made from grapes harvested in
regions outside Hokkaido (nos. 6–11). Moreover, there were
differences in the cis-9-palmitoleic acid compositions between
wines from Hokkaido (nos. 1–5) and other wines, with the lat-

ter being notably higher at 4.8 to 11.0%. From must to wine,
the relative proportions of PUFA, including linoleic and linole-
nic acids, decreased (the former at 4.9 to 28.3%, the latter at
4.8 to 10.6%), whereas those of saturated FA, including
palmitic and stearic acids, increased (the former at 0.7 to
12.1%, the latter at 4.1 to 10.9%). In accordance with these
changes, the wine unsaturation indexes ranged from 0.59 to
1.05, indicating that the degree of FA unsaturation decreased
after alcoholic fermentation. The proportions of medium-chain
FA, such as lauric and myristic acids, in each wine sample were
higher than those in musts, although this difference was not sig-
nificant. 

The relationships between musts and wines were evaluated
with respect to their proportions of palmitic, oleic, linoleic, and
linolenic acids. Strong positive correlations (R = 0.922 for oleic
acid, R = 0.738 for linoleic acid, and R = 0.770 for linolenic
acid) were found for the latter three components, but not for
palmitic acid (Fig. 4). The FA characteristics of wine were
therefore similar to those of must, although FA concentrations
and compositions were changed from the must stage by the al-
coholic fermentation of the grapes.

Analysis of FAEE in wine. A hexane/diethyl ether (9:1,
vol/vol)-eluted fraction was prepared from wine made from the
Kiyomi grape using the solid-phase extraction method, then an-
alyzed by capillary GC–MS (Fig. 5). When fragment ions of
m/z 88, characteristic of FAEE, were monitored, 13 FAEE,
from ethyl butyrate (peak 1) to ethyl linolenate (peak 13), as
well as ethyl tridecylate (peak 6, used as an internal standard)
were detected. In addition, a large peak with a retention time of
~13 min was judged to be isoamyl alcohol by comparison of
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FIG. 2. Annual comparison of unsaturation indexes of FA in musts of
five black grape varieties grown in Hokkaido for 3 yr. Unsaturation
index means (Σmi·ni)/100, where mi is the percentage of each FA and
ni is the number of C–C double bonds in each FA i. Data are repre-
sented as means ± SD. Different superscript letters indicate significant
differences. The order of the cryotolerance strength of the grapevines is
as follows: wild grape > Kiyomai ≅ Yamasachi > Kiyomi > Zweigeltrebe.

TABLE 3
FA Compositions (mol% ± SD) in Wines After Alcoholic Fermentation

Harvest areaa

FA 1 2 3 4 5 6 7 8 9 10 11

10:0 1.1 ± 0.1 1.6 ± 0.5 1.1 ± 0.5 0.9 ± 0.3 4.9 ± 3.0 1.3 ± 0.1 0.9 ± 0.2 1.8 ± 1.8 2.1 ± 0.2 1.4 ± 0.6 1.3 ± 0.7
12:0 1.3 ± 0.1 1.9 ± 0.2 2.3 ± 0.9 1.5 ± 0.4 5.4 ± 0.7 1.4 ± 0.2 1.7 ± 0.0 2.8 ± 0.9 2.3 ± 0.3 1.5 ± 0.0 1.3 ± 0.3
14:0 1.1 ± 0.2 1.9 ± 0.3 2.1 ± 0.6 1.3 ± 0.2 4.6 ± 0.5 1.3 ± 0.1 1.9 ± 0.0 2.6 ± 0.8 1.7 ± 0.3 1.3 ± 0.1 1.1 ± 0.0
16:0 30.4 ± 1.6 26.7 ± 1.5 31.2 ± 2.3 28.0 ± 3.2 33.4 ± 4.0 30.7 ± 1.1 37.5 ± 1.5 30.0 ± 0.4 29.7 ± 1.6 33.8 ± 1.3 32.4 ± 1.1
16:1(7) 0.2 ± 0.2 0.4 ± 0.2 0.5 ± 0.5 0.5 ± 0.2 1.8 ± 0.6 0.4 ± 0.1 0.2 ± 0.2 0.6 ± 0.6 0.3 ± 0.2 0.3 ± 0.1 0.2 ± 0.2
16:1(9) 0.6 ± 0.3 0.8 ± 0.3 1.1 ± 0.9 1.1 ± 0.1 1.8 ± 0.5 6.0 ± 0.2 4.8 ± 0.5 7.4 ± 0.3 11.0 ± 0.0 10.0 ± 0.1 8.0 ± 0.4
18:0 8.3 ± 0.8 7.6 ± 0.5 9.6 ± 0.5 7.4 ± 0.7 11.0 ± 1.7 10.9 ± 0.8 13.8 ± 0.3 11.5 ± 0.1 7.0 ± 0.3 10.7 ± 0.5 7.2 ± 0.2
18:1(9) 5.0 ± 0.2 7.6 ± 0.6 5.8 ± 1.3 8.1 ± 0.4 8.6 ± 0.3 18.6 ± 0.2 13.9 ± 0.2 15.5 ± 0.1 15.6 ± 0.4 16.4 ± 0.4 11.0 ± 0.2
18:1(11) 0.6 ± 0.1 0.7 ± 0.0 0.9 ± 0.2 0.7 ± 0.0 0.4 ± 0.4 0.5 ± 0.4 0.7 ± 0.0 0.5 ± 0.5 0.8 ± 0.1 0.9 ± 0.1 1.0 ± 0.1
18:2(9,12) 35.6 ± 2.7 35.4 ± 0.5 25.6 ± 0.5 31.9 ± 2.9 19.1 ± 4.3 15.5 ± 0.2 13.1 ± 0.1 13.2 ± 0.6 17.0 ± 0.7 12.1 ± 0.0 21.3 ± 1.1
18:3(9,12,15) 7.3 ± 0.6 8.1 ± 1.1 8.4 ± 1.6 10.2 ± 1.6 2.8 ± 1.0 8.3 ± 0.2 6.6 ± 0.3 5.8 ± 0.2 8.2 ± 0.5 6.6 ± 0.3 8.1 ± 0.6
20:0 1.2 ± 0.1 1.0 ± 0.0 1.2 ± 0.1 0.8 ± 0.2 1.1 ± 0.4 1.1 ± 0.0 0.8 ± 0.0 1.0 ± 0.0 0.8 ± 0.0 0.7 ± 0.1 1.0 ± 0.0
22:0 3.0 ± 0.2 2.6 ± 0.1 3.9 ± 0.8 2.7 ± 0.3 1.8 ± 0.6 2.2 ± 0.2 1.6 ± 0.1 3.0 ± 0.0 2.0 ± 0.1 1.5 ± 0.1 2.5 ± 0.1
23:0 1.0 ± 0.2 1.1 ± 0.4 2.5 ± 1.1 2.2 ± 1.2 0.4 ± 0.7 0.2 ± 0.2 1.0 ± 0.1 1.3 ± 0.4 0.3 ± 0.0 1.4 ± 0.5 0.8 ± 0.1
24:0 1.8 ± 0.5 1.4 ± 0.2 2.5 ± 1.0 1.8 ± 0.7 1.6 ± 0.1 0.9 ± 0.2 0.8 ± 0.1 1.4 ± 0.0 0.7 ± 0.1 0.7 ± 0.0 1.3 ± 0.0
25:0 0.3 ± 0.2 0.3 ± 0.4 0.6 ± 0.2 0.3 ± 0.4 0.2 ± 0.2 0.1 ± 0.1 0.1 ± 0.1 0.7 ± 0.1 0.1 ± 0.0 0.1 ± 0.1 0.3 ± 0.1
26:0 1.2 ± 0.2 0.9 ± 0.2 0.7 ± 0.2 0.6 ± 0.2 1.1 ± 0.3 0.6 ± 0.0 0.6 ± 0.1 0.9 ± 0.1 0.4 ± 0.0 0.6 ± 0.0 1.2 ± 0.1

Total acylsb 5,706 ± 740 6,608 ± 922 2,503 ± 447 4,164 ± 679 723 ± 126 3,126 ± 576 1,497 ± 670 610 ± 25 4,135 ± 571 2,461 ± 211 3,304 ± 799

ΣFA/ΣUFAc 1.03 ± 0.12 0.89 ± 0.04 1.36 ± 0.11 0.90 ± 0.17 1.90 ± 0.46 1.03 ± 0.01 1.54 ± 0.09 1.33 ± 0.10 0.89 ± 0.04 1.16 ± 0.05 1.02 ± 0.09 
UIc 1.00 ± 0.07 1.05 ± 0.04 0.85 ± 0.04 1.05 ± 0.11 0.59 ± 0.11 0.81 ± 0.01 0.66 ± 0.02 0.68 ± 0.03 0.86 ± 0.03 0.72 ± 0.02 0.87 ± 0.04
aFor harvest area see Table 1.
b(nmol/100 mL).
cFor abbreviations see Table 2.



its mass spectrum and retention time with the standard com-
pound.

Values for FAEE in each wine are shown in Table 4. Total
amounts of FAEE ranged from 245 to 904 nmol/100 mL, with
all Muscat Bailey A samples (nos. 6–9) showing high amounts
(565–904 nmol/100 mL). Low amounts of FAEE were detected
in wines produced from grapes grown in the cold region (nos.
1–5), compared with those from the other regions. When the
effects of FA components in must on FAEE concentrations
were examined, a strong negative correlation (R = −0.882, P <
0.001) was identified between the percentage of linoleic acid in
must and the FAEE concentration in wine. This may suggest
that the high linoleic acid proportion of the lipid constituents of
must inhibit FAEE formation by yeast during alcoholic fermen-
tation.

Ethyl butyrate, ethyl caproate, ethyl caprylate, and ethyl
caprate were present as major FAEE, at 7.7 to 13.1%, 27.1 to
45.8%, 14.4 to 36.8%, and 6.5 to 9.7%, respectively (Table 4).
Characteristically high levels of ethyl 9-palmitoleate and oleate
were present in sample 10 (Merlot) at 11.8 and 4.4%, respec-

tively, whereas ethyl palmitate and ethyl linoleate were present
in sample 1 (Kiyomi) at 10.0 and 13.6%, respectively. In addi-
tion, ethyl decenoate was detected in six samples including
Kiyomai, although it was not detected in wine prepared from
the Kiyomi grape (Fig. 5).

DISCUSSION

It was recently reported that palmitic, myristic, and lauric acids
were the major FA in 12 commercial red wines, and that differ-
ences in wine production methods and grape cultivation re-
gions (different countries, including Japan) could possibly in-
fluence the FA compositions of red wine (8). In the present
study, the FA composition of grape musts from various cultiva-
tion areas in Japan and their wines were compared for the first
time. The FA composition of Muscat Bailey A musts differed
according to the area where the grapes were grown (Table 2),
even though they were from the same variety. Alberto et al.
(12) previously reported on the FA composition in must from
Cabernet Sauvignon. Linoleic (20.6%), stearic (15.7%), and
oleic acids (10.9%) were present as major FA. But for the most
part, this differed considerably from the Cabernet Sauvignon
(sample no. 11) used in this study. This discrepancy also may
be due to differences in the cultivation areas. On the other hand,
the unsaturation indexes of musts made from grapes grown in
Hokkaido were higher than those in samples from the other re-
gions, which means that the FA composition of grapes could
change with different temperatures during maturation. Since
the characteristics of the FA compositions of musts were also
partially reflected in red wines after alcoholic fermentation
(Fig. 4), FA analysis of wine may possibly be used as one of
the parameters to determine grape harvest areas. The unsatura-
tion indexes of must were found to differ significantly among
the five varieties, possibly in relation to the different cryotoler-
ance levels of the grape vines. Thus, the higher levels observed
in musts from Hokkaido appear to be related to the greater cryo-
tolerance of grapevines grown in Hokkaido (also observed in
grape inner bark) (13). 
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FIG. 3. Correlation of total acyl concentration between must and wine.
Data are represented as means of triplicate analyses. 

FIG. 4. Correlation of FA composition between must and wine. u, l,
n, and s indicate 16:0, 18:1, 18:2, and 18:3, respectively. Data are
represented as means of triplicate analyses. Probability values are less
than 0.01, except for 16:0. 

FIG. 5. (A) Total ion chromatograms (TIC) and (B) mass chromatograms
of FA ethyl esters from wine (Kiyomi) determined by a combination of
solid-phase extraction and GC–MS. Peaks 1, 2, 3, 4, 5, 6, 7, 8, 9, 10,
11, 12, and 13 correspond to ethyl esters of 4:0, 6:0, 8:0, 10:0, 12:0,
13:0, 14:0, 16:0, 16:1, 18:0, 18:1, 18:2, and 18:3, respectively.

0



However, FA concentrations in all wines were lower than
those in their must stages, which agrees with our previous study
comparing the FA compositions of must and wine from the
Kiyomi variety (8). We assumed that most of the lipophilic
components of the wines tested would no longer be present
through lees removal after alcoholic fermentation. We deter-
mined from the results that the FA levels in must decreased to
1/10 following filtration through a 0.45-µm filter compared
with prefiltration levels (data not shown). A high proportion of
cis-9-palmitoleic acid was present in wine samples nos. 6 to 11
compared with that in wines from Hokkaido (nos. 1–5). This
may possibly indicate that cis-9-palmitoleic acid formation by
yeast is inhibited by the high linoleic acid levels in musts from
grapes grown in the cold region (14,15). Thus, it was clear that
the differences in the FA compositions of musts influenced the
FA components of the resulting wines.

Since the levels of medium-chain FA, such as capric acid,
and cis-9-palmitoleic acid (probably produced by yeast) had in-
creased in the wines, we tried to examine the FAEE that were
produced during alcoholic fermentation. Although the FAEE is
one of the lipid components of wine, the ethyl esters of lower
FA cannot be recovered by the processes of washing and con-
centrating in the general lipid extraction method. These compo-
nents therefore generally have been analyzed together with
many other flavor components (16,17). However, it became
clear that FA esters could be determined more easily by directly
analyzing 50-mL wine samples using a combination of solid-
phase extraction and capillary GC–MS rather than using the
headspace method. The decrease in FA concentrations from the
must stage to the wine stage as well as the FAEE compositions
of wine (Tables 3, 4) differed among wines (samples nos. 1–5)
prepared by the same wine production methods. It was assumed
that differences in the FA compositions of the starting materials
would influence yeast (Saccharomyces cerevisiae) growth, FA
de novo synthesis, and enzymatic activity concerned with ethyl

ester formation (3,14,15,18,19). Therefore, low levels of FAEE
(Table 4) were present in wines produced from grapes grown in
Hokkaido, which contained much more linoleic acid (Table 2),
corresponding to the negative correlation observed between the
proportion of linoleic acid added to the yeast culture medium
and the amount of isoamyl acetate formation (3). The linoleic
acid included in the medium was directly incorporated into
yeast cellular lipids such as PC, one of the major components of
biomembrane lipids (3,15). Consequently, it was assumed that
FA de novo synthesis in yeast was inhibited, which caused de-
creased levels of FAEE formation (3).

Linoleic acid and its ethyl ester, undesirable in “shochu” and
beer manufacture because they cause an off-flavor (20,21),
would not have an adverse influence on wine quality because
PUFA derived from grapes are removed from wine mainly as
lees during the wine-making process. Conversely, the PUFA
released from grape cells appear to enhance the yeast’s toler-
ance to alcohol and to low temperatures during and after fer-
mentation, which is expected to increase aroma compounds by
low-temperature fermentation (22).
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ABSTRACT: Information obtained in recent years regarding
the enzymes involved in FA synthesis can now be applied to
develop novel sunflower lines by incorporating enzymes with
specific characteristics into lines with a defined background.
We have generated three highly saturated mutant lines in this
way and characterized their FA content. The new high-palmitic,
low-palmitoleic lines CAS-18 and CAS-25, the latter on a high-
oleic background, have been selected from the high-stearic mu-
tant CAS-3 by introducing a deficient stearic acid desaturase in
a high-palmitic background from the previously developed mu-
tant lines CAS-5 and CAS-12, respectively. As such, the desatu-
ration of palmitic acid and the synthesis of palmitoleic acid and
its derivatives (asclepic and palmitolinoleic acids) were reduced
in these high-palmitic lines, increasing the stearic acid content.
Likewise, introducing a FA thioesterase from a high-palmitic
line (e.g., CAS-5) into the high-stearic CAS-3 increased the
stearic acid content from 27 to 32% in the new high-stearic line
CAS-31. As previously described in high-palmitic lines, high
growth temperatures did not reduce the linoleic acid content of
the oil. Furthermore, the FA composition of TAG, DAG, and
phospholipids was modified in these lines. Besides a high de-
gree of saturation, the TAG from these new vegetable oils have
a low content of saturated FA in the sn-2 position. The α asym-
metric coefficient obtained also indicates that the saturated FA
are asymmetrically distributed within the TAG molecules. In-
deed, the disaturated TAG content rose from 31.8 to 48.2%.
These values of disaturated TAG are the highest to date in a tem-
perate oilseed. 

Paper no. L9698 in Lipids 40, 369–374 (April 2005).

The synthesis of FA in oilseeds up to the length of oleic acid
occurs within the plastid. The enzymatic complex FA syn-
thase I (FAS I) synthesizes up to the palmitoyl-acyl carrier
protein (ACP), whereas FA synthase II (FAS II) elongates the
palmitoyl-ACP to stearoyl-ACP. Finally, the stearoyl-ACP
desaturase (SAD) introduces the first double bond into the
molecule to produce oleoyl-ACP. The acyl-ACP are hy-
drolyzed by the action of the acyl-ACP thioesterases (TE),
FatA or FatB, which have distinct preferences for unsaturated
or saturated acyl-ACP, respectively. Nascent free FA are then
exported to the cytoplasm and used as acyl-CoA for the syn-

thesis of glycerolipids in oilseeds, mainly TAG. In general,
palmitic, stearic, and oleic acids are the main FA synthesized
within the plastid in oilseeds, although later on oleic acid can
then be desaturated, elongated, and so on.

Recently, some highly saturated sunflower mutant lines
were generated by mutagenesis in an attempt to increase ge-
netic variability (1,2). When the seed lipids from these mu-
tant lines were analyzed, an increase in saturated FA content
was observed, particularly in the TAG (3). From these mu-
tants, two independent high palmitic acid lines were selected,
both containing around 30% palmitic acid. Whereas one of
these is on a standard high linoleic acid background (CAS-5),
the other one is on a high oleic acid background (CAS-12).
As a consequence, the seeds of these lines accumulated some
palmitoleic (16:1n-7) and asclepic (18:1n-7) acids. Further-
more, the CAS-5 mutant also accumulated palmitolinoleic
acid (16:2n-4). At least three partially recessive genes are re-
sponsible for the production of high quantities of palmitic FA
in these mutants (4). Biochemical characterization of these
mutants showed that the keto-acyl synthase II (KASII), an en-
zyme of the FAS II complex, was less active than the standard
sunflower KASII. At the same time, an increase in TE activ-
ity on saturated FA was observed (5). The reduction in KASII
activity led to an increase of palmitoyl-ACP production
within the plastid, whereas the increase in TE activity on sat-
urated FA promoted hydrolysis of the palmitoyl-ACP and
subsequent export into the cytoplasm. On the other hand,
some palmitoyl-ACP is desaturated within the plastid to
palmitoleoyl-ACP owing to the activity of SAD, and this
palmitoleoyl-ACP can be elongated to ascleployl-ACP by the
action of the FAS II. Both these FA can then be exported into
the cytoplasm where palmitoleic acid is converted to palmi-
tolinoleic acid in the case of CAS-5 (5). Another highly satu-
rated sunflower mutant with a high stearic acid content in the
seed oil (CAS-3) was also obtained by mutagenesis (1). In
this case, two partial dominant genes control the characteris-
tic accumulation of FA (6). Biochemical characterization of
this line identified a deficiency in the SAD activity and an in-
crease in TE activity toward stearoyl-ACP that was responsi-
ble for this new trait (7). This mutant did not show any side
effects due to the increase in its intraplastidial stearoyl-ACP
content. 

By considering all the available biochemical information
and the channeling model proposed for the intraplastidial FA
biosynthesis in the sunflower (8), we have generated a
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hypothesis to further increase the saturated FA content of re-
combinant lines obtained from these initial mutants. For ex-
ample, the introduction of the mutated SAD gene from the
CAS-3 line into high-palmitic lines should reduce the amount
of palmitoleic, asclepic, and palmitolinoleic acids that accu-
mulate in the storage oil. Similarly, if the different TE activi-
ties described in both mutants depend on independent genes
and are complementary, then an increase in saturated FA con-
tent would be expected when both activities are brought to-
gether. In this paper we characterize new lines obtained by
crossing high-palmitic and high-stearic lines in accordance
with this hypothesis.

EXPERIMENTAL PROCEDURES

Plant material. Sunflower seeds (Helianthus annuus L.) from
the mutant lines CAS-5 and CAS-12 with high palmitic acid
content, and the CAS-3 line with high stearic acid content
were used in this work (1,2). The control seeds with a normal
FA composition were from the public line RHA-274, from the
USDA. The new sunflower lines described here were ob-
tained by crossing high-palmitic and high-stearic acid mu-
tants and selecting the lines of interest. Plants were cultivated
in growth chambers at 25/15°C (day/night) cycles or at the
temperatures indicated. A 16-h photoperiod was used with a
photon flux density of 300 µmol E⋅m−2·s−1.

Lipid extraction and separation. About 500 mg of peeled
seeds were ground in a screw-capped glass tube (10 × 13 mm)
with a pestle and sand. The total lipids were extracted and
separated by TLC on 0.25-mm-thick silica gel plates that
were developed with hexane/ethyl ether/formic acid (75:25:1,
by vol). The TLC plates were partially covered with a glass
plate and exposed to iodine vapor. Unexposed TAG, DAG,
and phospholipid fractions were scraped off the plates and
eluted from the silica with chloroform/methanol (1:2,
vol/vol). To determine their FA composition, phospholipids
were further separated either on TLC silica gel plates developed
with chloroform/methanol/acetic acid/H2O (85:15:10:3.5, by
vol) or on (NH4)2SO4-impregnated silica gel plates developed
with acetone/benzene/H2O (90:30:10, by vol; 9). Individual
polar lipids were identified by comparison with commercial
standards, developed at the same time on the same TLC plate,
and scraped off the plates.

Lipase hydrolysis. For positional analysis of FA in TAG,
10 mg of purified TAG was hydrolyzed with 2 mg pancreatic
lipase in 1 mL of buffer containing 1 M Tris pH 8, 0.1 mL
CaCl2 (22%), and 0.25 mL deoxycholate (0.1%) (10). When
approximately 60% of the TAG had been hydrolyzed (1–2
min), the reaction was stopped by adding 0.5 mL of 6 N HCl
and the lipids were extracted three times with 1.5 mL ethyl
ether. The reaction products were separated by TLC as indi-
cated above. The FFA and sn-2-MAG bands, representing posi-
tions sn-(1+3) and sn-2 of TAG, respectively, were scraped
off the plate and transmethylated. The FA composition of the
original TAG was compared with that which remained after
partial hydrolysis.

Lipid analysis. Isolated acyl lipids were converted to
FAME from the isolated lipids by heating the samples at 80°C
for 1 h in a 3-mL solution of methanol/toluene/H2SO4
(88:10:2, by vol; 11). After cooling, 1 mL of heptane was
added and mixed. The FAME were recovered from the upper
phase, then separated and quantified using a Hewlett-Packard
5890A gas chromatograph with a Supelco SP-2380 capillary
column of fused silica (30 m length; 0.32 mm i.d.; 0.20 µm
film thickness; Bellefonte, PA). Hydrogen was used as the
carrier gas. The FA were identified by comparison with
known standards and quantified with a hydrogen FID.

TAG species were separated and quantified by GLC using
a Hewlett-Packard 6890 gas chromatograph with a Quadrex
aluminum-clad bonded methyl 65% phenyl silicone 15M,
400-65HT-15-0.1F column (New Haven, CT). The TAG were
identified and quantified by correcting the data for the rela-
tive FID response (12). After holding for 5 min, the oven tem-
perature was ramped from 340 to 355°C at 1°C/min, the de-
tector and injector temperatures were 400°C, and the split
ratio was 1:100. Hydrogen was used as carrier gas, the linear
rate being 31 cm/s. 

The distribution of saturated FA in the external positions of
TAG, sn-1 and sn-3, was calculated as the coefficient of asym-
metry as previously developed (13). This coefficient was de-
termined as the α of the TAG of the type SatUnsSat/SatUnsUns
(αSUU/SUS) as we recommended for vegetable oils with a low
content of saturated FA in the sn-2 position (13). An α value of
0.5 indicates that saturated FA are distributed equally between
the sn-1 and sn-3 TAG stereochemical positions.

RESULTS AND DISCUSSION

FA composition of the oils. The FA composition of three re-
combinant lines, CAS-18, CAS-25, and CAS-31, was deter-
mined and is shown in Table 1.The CAS-18 and CAS-25 lines
were selected from crosses of the high-stearic mutant CAS-3
with the high-palmitic mutants CAS-5 and CAS-12, respec-
tively, keeping the high-palmitic background. These plants
had inherited the low SAD activity from CAS-3 and conse-
quently, had lower palmitoleic, asclepic, and palmitolinoleic
acid contents. The CAS-31 line was obtained from the cross
between CAS-3 and CAS-5, keeping the high-stearic back-
ground, and the efficient TE activity on saturated FA in this
line increased the stearic and palmitic acid contents with re-
spect to CAS-3. The FA composition of the RHA-274 control
line and the parental lines, CAS-3, CAS-5, and CAS-12, are
also shown (Table 1). 

Thus, as proposed in our hypothesis, it appears that recom-
binant lines with reduced palmitoleic, asclepic, and palmito-
linoleic acid contents could be selected by crossing the CAS-
5 and CAS-12 with the CAS-3 line. In these plants, the palmi-
toleic acid content was reduced from 5.1 and 7.4% to 1.4 and
2.1%, respectively, whereas the asclepic acid content was re-
duced from 3.4 and 3.9% to 1.4 and 2.3%. It was no longer
possible to detect palmitolinoleic acid in either CAS-18 or
CAS-25. On the other hand, and as expected from the reduced
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SAD activity, the stearic acid content increased in both lines
to as much as 11.4 and 6.8%, respectively.

The CAS-31 recombinant line had more stearic acid than
the parental CAS-3 line. Moreover, a slight increase in the
palmitic acid content was observed after improving the TE
activity on saturated FA with respect to that from CAS-5.
These FA represented 31.9 and 8.8% of the total FA respec-
tively, compared with 27.1 and 7.4% in CAS-3. As the result
of competition for substrate between the TE from CAS-5 and
the FAS II from CAS-3, and according to the channeling pro-
posal for FA biosynthesis within the sunflower plastid (8), a
small increase in palmitic acid would be expected. Similar re-
sults were also found in other lipids, as will be shown shortly. 

DAG and TAG components. The FA composition of the
TAG of these sunflower oils was similar to the FA composi-
tion in the corresponding oils (see Table 2). Given that 95%
of the oil’s content is made up of TAG, this is not an unex-
pected result. DAG are precursors in the synthesis of TAG,
but they are found in only minor amounts in the oil with re-
spect to the TAG. The saturated FA content in the DAG was
lower than in TAG, but we assumed that if they have a simi-
lar behavior to the neutral lipids in most vegetable oils, then
saturated FA would be found in only the sn-1 position. To
confirm that these TAG behaved as normal vegetable oil
TAG, we analyzed the FA composition at positions sn-2 and
sn-(1+3) of the purified TAG by partial hydrolysis using li-
pase (Table 3). In spite of the very high content of saturated
FA in the TAG, the content of saturated FA in position sn-2
was very low, between 1.4 and 2.0% of the total saturated FA
content. This figure was even lower than expected because in

CAS-31 TAG, stearic acid was elevated to 6.3-fold of that
found in the control line RHA-274, from 31.9 to 5.1%, but in
the sn-2 position only a 3.8-fold change was observed, from
1.5 to 0.4% (3). No very long chain FA, behenic and arachidic
acids, were detected at the sn-2 position in these oils. The sn-
(1+3) positions were mainly occupied by saturated FA, be-
tween 42.2 and 49.3%, around 20-fold that in the sn-2 posi-
tion. As expected, the main unsaturated FA in the sn-2 posi-
tion of the high-oleic line CAS-25 was oleic acid (76.4%),
and in CAS-18 and CAS-31 linoleic acid represented 90.9 and
71.7%, respectively. Palmitoleic and asclepic acids are atypi-
cally distributed since, despite being unsaturated, they are
mainly found at positions sn-(1+3). This suggests that the sn-
2 lysophosphatidylcholine acyltransferase shows a higher
specificity for oleic and linoleic acids than for saturated FA.
All these data together suggest that these specialty oils are
more similar to cacao butter (also called cocoa butter) than to
saturated animal fats, indicating that they probably have good
nutritional properties and are more healthful than animal or
chemically modified vegetable fats (14,15).

TAG species. TAG are made up of three FA bound to a
glycerol backbone. Two different oils with a similar FA com-
position could have different TAG compositions. As a conse-
quence, the TAG composition of an oil provides more infor-
mation than the FA composition. Indeed, the concept that oils
are made up of TAG and not just FFA is very important. The
TAG composition of these new oils can be seen in Table 4.
The most important characteristic of these oils is the very
high levels of disaturated TAG, whereas these are minor com-
ponents or present in only trace amounts in normal sunflower
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TABLE 1
FA Composition of Oils from the Newly Selected Recombinant Lines CAS-18, CAS-25, and CAS-31, as Well as in the Standard Control
and Mutant Parental Lines, at Normal Growth Temperature (25/15°C)a

FA composition (mol%)

Sunflower line 16:0 16:1 16:2 18:0 18:1n-9 18:1n-7 18:2 20:0 22:0

RHA-274 5.9 ± 0.3 — — 5.1 ± 0.4 36.6 ± 0.5 — 50.6 ± 0.6 0.7 ± 0.1 1.1 ± 0.1
CAS-3 7.4 ± 0.9 — — 27.1 ± 2.2 16.1 ± 1.2 — 46.3 ± 3.4 1.5 ± 0.2 1.5 ± 0.3
CAS-5 34.7 ± 0.9 5.1 ± 0.7 0.6 ± 0.1 2.6 ± 0.2 6.9 ± 0.7 3.4 ± 0.6 45.1 ± 0.9 0.5 ± 0.1 1.0 ± 0.1
CAS-12 31.7 ± 1.7 7.4 ± 1.0 — 2.0 ± 0.3 50.5 ± 1.9 3.9 ± 0.5 2.7 ± 0.6 0.5 ± 0.1 1.3 ± 0.2
CAS-18 33.2 ± 1.2 1.4 ± 0.1 — 11.4 ± 1.2 4.0 ± 0.7 1.4 ± 0.1 45.8 ± 0.5 1.2 ± 0.1 1.5 ± 0.1
CAS-25 30.1 ± 0.6 2.1 ± 0.2 — 6.8 ± 0.1 45.8 ± 0.7 2.3 ± 0.3 10.2 ± 0.3 1.0 ± 0.1 1.6 ± 0.1
CAS-31 8.8 ± 0.4 — — 31.9 ± 2.6 16.2 ± 1.6 — 39.2 ± 1.5 1.9 ± 0.4 1.8 ± 0.2
aMean ± SD of three independent experiments. —, <0.5%. 

TABLE 2 
FA Composition of TAG and DAG of the Novel Recombinant CAS-18, CAS-25, and CAS-31
Mutant Linesa

FA composition (mol%)

Line 16:0 16:1 18:0 18:1n-9 18:1n-7 18:2

CAS-18 TAG 33.6 ± 0.5 1.4 ± 0.2 11.0 ± 1.0 5.2 ± 0.7 1.2 ± 0.2 47.6 ± 1.4
DAG 28.1 ± 1.2 1.3 ± 0.2 8.2 ± 0.6 8.8 ± 0.9 1.1 ± 0.2 52.5 ± 3.4

CAS-25 TAG 31.9 ± 1.2 2.8 ± 0.3 5.0 ± 0.3 52.3 ± 3.3 2.4 ± 0.2 5.6 ± 0.8
DAG 16.6 ± 1.5 1.7 ± 0.1 3.0 ± 0.2 66.0 ± 4.5 3.9 ± 0.3 8.8 ± 1.0

CAS-31 TAG 8.8 ± 0.7 — 29.2 ± 2.1 12.6 ± 0.8 — 49.3 ± 1.7
DAG 13.4 ± 0.9 — 22.1 ± 0.6 10.9 ± 1.2 — 53.6 ± 2.3

aMean and SD of three independent experiments. —, <0.5%.



oils (12). In the oil from the high-linoleic-, high-palmitic-,
low-palmitoleic-derived sunflower line CAS-18, PLP and
PLS are the main TAG species (where P = palmitic, L =
linoleic, and S = stearic acid). These TAG species made up

25.1 and 14.5% of the total TAG content in this line as op-
posed to the 14.5 and 4.2% contributed in the corresponding
parental line CAS-5 (12). In the high-oleic-, high-palmitic-,
low-palmitoleic-derived line CAS-25, the main disaturated
TAG species were POP and POS (where O = oleic acid),
which corresponded to 20.2 and 8.3%. In the parental CAS-
12 line, these TAG species represented 19.4 and 2.4% of the
total TAG. In both the CAS-18 and CAS-25 lines, there was a
considerable reduction in the TAG species containing palmit-
oleic and asclepic acids. This was expected given their lower
representation in the oils of these lines with respect to the
parental lines. Another common characteristic was the in-
crease in PLS and POS, respectively, as a consequence of the
increase of stearic acid. 

In the high-linoleic, high-stearic CAS-31 there was a very
important increase in PLS and SLS, from 6.8 to 8.1% and
from 12.0 to 15.3%, respectively, when compared with the
parental CAS-3 line (12). This was due to the increase in the
stearic acid content and to a lesser extent, to the small in-
crease in palmitic acid. 

These new lines demonstrate an important increase with
respect to their parental and standard sunflower lines in both
saturated FA and in TAG with two saturated FA. The total di-
saturated TAG content was 31.8% in CAS-25, 39.3% in CAS-
31, and 48.2% in CAS-18, this latter line probably constitut-
ing the temperate seed oil with the highest disaturated TAG
content established to date. It has previously been shown that
saturated FA are not symmetrically distributed between the
sn-1 and sn-3 stereochemical positions in TAG molecules,
and an asymmetrical α coefficient has been proposed to cal-
culate this asymmetry (13). The calculated α SatUnsSat/Sat-
UnsUns is that which is recommended for vegetable oils with
a low content of saturated FA in the sn-2 position (13). Thus,
to estimate this asymmetry in the new oils, we determined
their α coefficient. The α for saturated TAG of the high-
palmitic line CAS-18 was 0.42, higher than the 0.38 found in
high-stearic line CAS-31, since their saturated FA are more
symmetrically distributed. These results suggest that the acyl-
transferases involved in TAG biosynthesis have a different
selectivity for palmitic or stearic acid. A similar effect was
found when comparing the high-linoleic and high-oleic lines,
for which the α coefficient for CAS-25 was 0.35. The smaller
α value in the high-oleic lines is most likely related to the
specificity of the acyltransferases.
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TABLE 4 
TAG Composition of Oils from Mutant CAS-18, CAS-25, and CAS-31
Seeds Measured Using a High-Temperature GC–FID Methoda

CAS-18 CAS-25 CAS-31

PPoP 0.3 ± 0.1 0.2 ± 0.1
POP 2.2 ± 0.1 20.2 ± 0.8 0.5 ± 0.2
PPoO 5.5 ± 0.5
PLP 25.1 ± 2.5 ab 1.0 ± 0.2
PPoL 2.1 ± 0.3 0.3 ± 0.2
POS 1.1 ± 0.1 8.3 ± 0.7 3.1 ± 0.6
POO 30.9 ± 2.8 0.7 ± 0.1
POAs 3.4 ± 0.3
PLS 14.5 ± 1.1 8.1 ± 0.7
PoOO 9.2 ± 1.1
POL 3.8 ± 0.3 ab 3.4 ± 0.3
PAsL 2.5 ± 0.2
PLL 26.2 ± 2.4 0.9 ± 0.2 4.2 ± 0.6
PoLL 0.3 ± 0.1
SOS 1.7 ± 0.2 5.6 ± 0.5
SOO 7.7 ± 0.2 3.0 ± 0.2
SLS 3.1 ± 0.2 15.3 ± 1.4
OOO 4.1 ± 0.6
OOAs 2.8 ± 0.3
SOL 1.1 ± 0.3 13.5 ± 1.0
OOL 1.5 ± 0.2 1.4 ± 0.1
SLL 8.7 ± 0.7 21.2 ± 1.6
OLL 0.6 ± 0.1 3.9 ± 0.3
AsLL 0.4 ± 0.1
LLL 4.4 ± 0.3 3.6 ± 0.2
SLA 2.1 ± 0.3
OLA 1.2 ± 0.1
POB 1.4 ± 0.2
OOA 0.8 ± 0.1 1.1 ± 0.1
SOA
PLB 1.5 ± 0.1
LLA 0.6 ± 0.1 1.3 ± 0.1
OOB 1.3 ± 0.1 0.3 ± 0.1
SOB 1.3 ± 0.2
SLB 0.4 ± 0.2 1.2 ± 0.2
OLB 1.2 ± 0.1
LLB 0.6 ± 0.1 1.7 ± 0.1
aMean and SD of threee independent experiments. —, <0.2%.
bThese peaks did not separate and are included in the upper identification
number. A, arachidic acid; As, asclepic acid; B, behenic acid; L, linoleic
acid; O, oleic acid; P, palmitic acid; Po, palmitoleic acid; S, stearic acid.

TABLE 3 
FA Composition of sn-(1+3) and sn-2 Stereochemical Positions of TAG from CAS-18, CAS-25, and CAS-31 Mutantsa

FA composition (mol%)

Sunflower line Position 16:0 16:1 18:0 18:1n-9 18:1n-7 18:2 20:0 22:0

CAS-18 sn-(1+3) 49.3 ± 3.1 1.2 ± 0.1 20.2 ± 2.0 2.3 ± 0.2 1.5 ± 0.2 21.9 ± 0.8 1.5 ± 0.2 2.1 ± 0.2
sn-2 1.6 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 5.6 ± 0.4 0.4 ± 0.1 90.9 ± 4.4 — —

CAS-25 sn-(1+3) 44.2 ± 2.3 2.5 ± 0.1 9.5 ± 0.6 30.5 ± 0.9 2.7 ± 0.4 6.7 ± 0.4 1.5 ± 0.1 2.4 ± 0.2
sn-2 2.0 ± 0.3 1.4 ± 0.1 1.4 ± 0.1 76.4 ± 1.6 1.6 ± 0.2 17.2 ± 1.1 — —

CAS-31 sn-1+3 9.1 ± 0.2 — 42.2 ± 2.2 9.4 ± 0.7 — 35.9 ± 2.2 1.9 ± 0.2 1.5 ± 0.1
sn-2 1.2 ± 0.1 — 1.5 ± 0.5 25.6 ± 0.9 — 71.7 ± 1.7 — —

aMean and SD of three independent experiments. —, <0.5%.



Influence of the growth temperature. In previous studies,
the content of linoleic acid in the high-palmitic line CAS-5
did not show big variations at different growth temperatures,
even at a 30/20°C day/night growth temperature (16). This
effect was not found in the high-stearic lines, such as CAS-3,
or in the standard control lines. To determine whether these
new very-high-palmitic lines behave in a similar fashion, the
high-palmitic CAS-18 line and the high-palmitic, high-oleic
CAS-25 line were grown at three different temperatures
(Table 5). At high temperatures, the amount of linoleic acid
produced by the CAS-18 line increased from 47.1 to 50.0%,
reminiscent of the behavior of the high-palmitic CAS-5 sun-
flower mutants. A similar effect was found in the CAS-25 line
with respect to oleic acid, which was coupled with a slight re-
duction in their linoleic acid content at a high growth temper-
ature. This probably reflects the origin of this line from a high
oleic acid background, which induces a behavior distinct
from that of CAS-18. Nevertheless, the palmitic acid contents
of all lines were similar and independent of the growth tem-
perature. Furthermore, no differences were found among any
other FA analyzed in these oils. This phenomenon may reflect
the fact that membranes with a high palmitic acid content are
always rigid and need to maximize their unsaturated linoleic
acid content to maintain their membrane fluidity, a behavior
that it is not found in the high-stearic lines (16).

Phospholipids. The FA composition of the main phospho-
lipids in the seeds of these sunflower lines is shown in Table
6: PC, PI, and PE. As the sunflower seed is not a photosyn-
thetic tissue, only small amounts of galactolipids accumulate.
All phospholipids in these lines contain high levels of satu-

rated FA, more than in standard control lines and even more
than the highly saturated parental lines (3). The saturated FA
content in PI was close to 50% in all the recombinant lines:
47.1% in CAS-18, 43.1% in CAS-25, and 45.3% in CAS-31.
These values are similar to those that have been found for PI
isolated from other sunflower lines (3). The contents of the
other main phospholipids, PE and PC, were more variable,
but always with a high level of saturated FA that reflected the
principal saturated FA found in each line.

This study substantiates that biochemical data obtained
from the analysis of sunflower mutant lines are important
tools to guide the selection of new mutants with modified FA
composition. In CAS-18 and CAS-25 lines, thanks to the in-
troduction of a mutated SAD from the high-stearic line CAS-
3, it has been possible to reduce the amount of palmitoleic,
asclepic, and palmitolinoleic acids. In a similar way, the in-
troduction of a TE activity that acts well on saturated FA in
the new CAS-31 line elevated the stearic acid content in the
oil up to 32%, improving the already high-stearic line CAS-
3. These results confirm all previous biochemical findings re-
garding the association between SAD and TE in the genera-
tion of the mutant phenotypes of CAS-3, CAS-5, and CAS-
12. Finally, by characterizing the lipids from these lines, we
highlight the importance of the TAG composition and the
asymmetric α coefficient for the saturated FA in these TAG.
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TABLE 6 
FA Composition of Main Seed Phospholipidsa

FA composition (mol%)

Sunflower line Lipid 16:0 16:1 18:0 18:1b 18:2

CAS-18 PI 38.2 ± 0.6 0.2 ± 0.07 8.9 ± 0.2 5.9 ± 0.4 46.8 ± 0.9
PC 27.1 ± 0.3 1.1 ± 0.07 6.0 ± 0.1 8.7 ± 0.7 57.2 ± 1.3
PE 30.4 ± 0.6 0.9 ± 0.1 3.8 ± 0.1 5.5 ± 0.6 59.4 ± 1.5

CAS-25 PI 35.8 ± 1.1 0.4 ± 0.1 7.3 ± 1.1 39.4 ± 2.6 17.3 ± 0.8
PC 14.8 ± 0.6 1.2 ± 0.1 2.6 ± 0.1 68.6 ± 1.1 12.8 ± 0.5
PE 21.8 ± 0.5 1.1 ± 0.1 2.3 ± 0.4 59.3 ± 1.3 15.5 ± 1.2

CAS-31 PI 20.0 ± 1.1 —c 25.3 ± 1.7 6.9 ± 1.1 47.8 ± 2.5
PC 13.4 ± 0.5 — 19.8 ± 0.6 11.4 ± 0.4 55.4 ± 1.9
PE 14.1 ± 0.4 — 14.4 ± 0.6 8.0 ± 0.3 63.5 ± 2.1

aMean and SD of three independent experiments. 
bSum of 18:1n-9 and 18:1n-7 acids.
c—, <0.2%. 

TABLE 5 
FA Composition of CAS-18 and CAS-25 Seeds, Grown at Low (20/10°C), Medium (25/15°C), and High (30/20°C) Temperaturesa

Sunflower
line Temperature (°) 16:0 16:1 18:0 18:1n-9 18:1n-7 18:2 20:0 22:0 18:2/18:1n-9

CAS-18 20/10 32.8 ± 1.8 1.9 ± 0.2 9.0 ± 1.0 4.7 ± 0.1 1.6 ± 0.1 47.1 ± 1.1 0.9 ± 0.1 1.8 ± 0.1 10.0
25/15 31.6 ± 2.0 1.8 ± 0.1 9.5 ± 0.9 4.7 ± 0.4 1.7 ± 0.1 47.8 ± 1.3 0.9 ± 0.1 1.8 ± 0.2 10.2
30/20 31.3 ± 1.6 2.1 ± 0.1 7.6 ± 0.9 4.7 ± 0.1 2.0 ± 0.1 50.0 ± 0.9 0.8 ± 0.1 1.5 ± 0.2 10.6

CAS-25 20/10 29.1 ± 1.0 2.4 ± 0.2 6.4 ± 0.7 47.2 ± 1.5 1.7 ± 0.1 9.1 ± 1.1 1.1 ± 0.4 1.6 ± 0.3 0.2
25/15 30.3 ± 0.6 2.2 ± 0.1 6.9 ± 0.4 46.9 ± 1.2 2.5 ± 0.2 8.7 ± 1.0 0.9 ± 0.1 1.5 ± 0.1 0.2
30/20 29.7 ± 0.7 2.9 ± 0.2 6.0 ± 0.9 51.1 ± 1.0 2.5 ± 0.3 6.6 ± 0.8 0.7 ± 0.1 1.4 ± 0.3 0.1

aMean and SD of seeds from six different capitula. 
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ABSTRACT: This paper represents the first synthesis, spectro-
scopic characterization, and antitumor evaluation of F-, N-, and
S-containing C4α-FA derivatives of podophyllotoxin. In a syn-
thetic strategy, a FA unit of 4-O-podophyllotoxinyl 12-hydroxy-
octadec-Z-9-enoate 2, a derivative of podophyllotoxin, was func-
tionalized at the C-12 position by incorporating the F atom and
N-containing moieties. The FA olefin (Z, C-9/C-10) of 2 was hy-
drogenated to produce a derivative possessing a hydroxy func-
tion (C-12) on a saturated C18 FA chain. In another synthetic strat-
egy, two S-ethers of podophyllotoxin (C4α) were synthesized from
a terminal unsaturated FA analog, 4-O-podophyllotoxinyl undec-
10-enoate. Syntheses were achieved through effective synthetic
procedures; 1H NMR, 13C NMR, IR, and high-resolution mass
data proved excellent tools to characterize these derivatives. In
vitro antitumor activity was investigated against a panel of five
human neoplastic cell lines, SK-MEL (malignant, melanoma), KB
(epidermal carcinoma, oral), BT-549 (ductal carcinoma, breast),
SK-OV-3 (ovary carcinoma), and HL-60 (human leukemia). Keep-
ing in view the severe lack of tumor selectivity of podophyllo-
toxin over normal cells, we assayed new analogs against non-
cancerous mammalian VERO (African green monkey kidney fi-
broblast) cell lines to gauge their extent of toxicity. Several of
these compounds showed excellent moderation of antitumor ac-
tivity. In general, we found excellent growth inhibition against
the human leukemia cell line (HL-60), particularly for the analogs
containing S-ethers and carbamates. None of the compounds
were toxic to normal cell lines.

Paper no. L9656 in Lipids 40, 375–382 (April 2005).

Chemotherapy involves the administration of specific anticancer
therapeutic chemicals to cancer patients (1,2). Because of physi-
ological similarities between cancerous and noncancerous cells,
the clinical efficacy of most anticancer drugs is limited by vary-
ing degrees of toxicity toward normal cells (3). The undesired
side effects result from the lack of selectivity and the appearance
of acquired resistance (2). Like most antineoplastic agents, the
natural product podophyllotoxin 1 (4,5) also lacks tumor selec-
tivity, which limits its clinical utility for cancer chemotherapy
and that of many of its related products (6,7). Alterations of its

structure have yielded two semisynthetic derivatives, etoposide
and teniposide, which are in clinical use (5,7,8). Drug resistance,
metabolic inactivation, myelosuppression, and bioavailability
have greatly undermined the clinical applications of these two
drugs (5,9,10). Approaches to facilitate tumor-selective chemo-
therapy have been the topic of recent investigations (3,11).

Current trends in the treatment of human cancers favor drug
combinations that result in improved responses, where the con-
tributions of a variety of FA have been proved highly signifi-
cant (12,13). A number of FA are part of our diet; therefore,
nutritional dietary supplements highly enriched in certain FA
have been suggested to prevent the side effects of cancer ther-
apy (13,14). That certain TG and FA have the potential to pre-
vent or inhibit carcinogenesis has been proposed (15–18). FA
substituents on podophyllotoxin 1 may lead to analogs with en-
hanced cytotoxicity, but this strategy has not yet been explored
except in a few studies (19,20). We recently demonstrated the
efficient synthesis of a series of FA-based C4α-derivatives of 1
and their significant in vitro selectivity for inhibiting the growth
of cancer cells over normal ones (21–23). One of these com-
pounds, 4-O-podophyllotoxinyl 12-hydroxy-octadec-Z-9-
enoate 2, has been assayed in vitro against a panel of 60 human
cancer cell lines at the National Cancer Institute (NCI) under a
drug discovery program. Data produced by NCI for 2 have
shown strong tumor inhibition activity against a wide spectrum
of cancer cell lines (23). Our preliminary studies have indicated
a mode of antitumor action for 2 that differs from podophyllo-
toxin, etoposide, and teniposide (23). These results encouraged
the present work, which is directed toward the synthesis of
C4α-FA analogs of 1 possessing F, N, and S and evaluation of
their in vitro anticancer activity.

Here, we report the first synthesis of C4α-FA analogs of
podophyllotoxin 1 containing the F and N atoms, obtained by
chemical transformations of the hydroxy group present at the C-
12 position on the FA chain of compound 2. Further, this com-
munication also presents the first synthesis of C4α-S-ether
(thioether) FA analogs of 1. A total of eight unusually function-
alized FA derivatives of podophyllotoxin were synthesized
(Scheme 1), and spectroscopic data established their chemical
structures. The novel C4α-FA analogs were assayed for their in
vitro antitumor activity against a panel of four human solid tumor
cell lines, SK-MEL, KB, BT-549, SK-OV-3, and one human
leukemia cell line, HL-60. To compare their tumor selectivity
over normal cell lines, VERO cells were also included.
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SCHEME 1



EXPERIMENTAL PROCEDURES

The synthesis of 4-O-podophyllotoxinyl 12-hydroxy-octadec-
Z-9-enoate 2 and all the experimental procedures used are as
described previously (21). The palladium (10% on activated
carbon powder, standard, reduced, normally 50% water wet)
was purchased from Alfa Aesar (Ward Hill, MA). All other
reagents were obtained from Aldrich Chemicals (Milwaukee,
WI) and used without further purification. 

(i) 4-O-Podophyllotoxinyl 12-hydroxy-octadecanoate 3.
Compound 2 (100 mg) was dissolved in ethyl acetate (20 mL),
and 10% Pd/C (10 mg) was added and hydrogenated for 8 h
under a pressure of 45 psi. The solution was filtered and rotary-
evaporated under reduced pressure at 20°C. The crude material
was passed through a silica gel column (J.T.Baker, Phillips-
burg, NJ; n-hexane/ethyl acetate, 1:1, vol/vol; Rf : 0.70) to ob-
tain a sticky and viscous colorless oily form of 3 (yield: 99%).
IR (CHCl3, cm−1): 3530, 1776, 1735, 1586, 1506, 1483, 1419,
1240, and 1122; 1H NMR (CDCl3, δH): 0.87 (t, J = 7.0 Hz, ter-
minal methyl of the FA chain, 3H), 1.36–1.26 (br m, 11 × CH2
groups of the FA methylene chain, 22H), 1.40 (m, 11-CH2, 13-
CH2, 4H), 1.68 (m, 2H), 2.43 (m, 2-CH2, 2H), 3.58 (m, 12-CH-
OH, 1H); 13C NMR (CDCl3, δC): 14.47 (C-18), 23.00 (C-17),
25.39 (C-16), 26.02, 29.61, 29.79, 29.96, 30.08 (C-11 & C-13),
32.23, 34.78 (C-2), 174.09 (ester carbonyl, C-1). The various
resonances originating from the podophyllotoxin nucleus were
as follows: ring A: δH 5.98 (d, J = 2.50 Hz, 1H) and 5.99 (d, J
= 2.50 Hz, 1H), δC 101.97; ring B: δH 6.54 (s, 8-H), δC 110.09
(C-8); δH 6.76 (s, 5-H, 1H), δC 107.38 (C-5); ring C: δH 4.61
(d, J1,2 = 4.50 Hz, 1-H, 1H), δC 44.29 (C-1); δH 2.92 (dd, J1,2 =
4.60 Hz, J2,3 =14.60 Hz, 2-H, 1H), δC 39.17 (C-2); δH 2.83 (m,
3-H, 1H), δC 45.95 (C-3); δH 5.89 (d, J3,4 = 8.70 Hz, 4-H, 1H),
δC 73.76 (C-4); ring D: two protons of 11-CH2 signals split into
two, δH 4.23 (t, J = 10.0 Hz, 11-H, 1H) and δH 4.35 (dd, J = 7.0
Hz, J = 7.0 Hz, 11-H, 1H), δC 71.81 (C-11); ring E: δH 3.76 (s,
3′-H, 3′C-OCH3, 5′-H, 5′C-OCH3, 6H), 56.51 (C-3′, C-5′); δH
3.82 (s, 4′-H, 4′C-OCH3, 3H), δC 61.12 (C-4′); δH 6.40 (s, 2′-H,
6′-H, 2H), δC 108.49 (C-2′, C-6′); quaternary carbons of
podophyllotoxin: 128.83, 132.72, 135.23, 137.52, 147.97,
148.49, 153.01, and 174.66 (lactone carbonyl in the D ring of
podophyllotoxin); EI-MS found [M + H] 697.3952; C40H57O10
[M + H]+ requires 697.39517.

(ii) 4-O-Podophyllotoxinyl 12-fluoro-octadec-Z-9-enoate 4.
Compound 2 (0.24 mmol) was dissolved in dry methylene
chloride (3 mL) and to this solution, diethylaminosulfur triflu-
oride (DAST) (0.24 mmol) was added at −78°C (dry ice/ace-
tone) under nitrogen. The reaction was warmed to room tem-
perature and stirred for 1 h. Progress of the reaction was moni-
tored by TLC. The complete conversion of 2 into the desired
product was achieved in 1 h. The reaction mixture was diluted
with methylene chloride (10 mL), washed with brine and water,
dried over Na2SO4, and concentrated to dryness under reduced
pressure at 20°C to obtain a crude reaction product. A silica gel
flash column (n-hexane/ethyl acetate, 2:1, vol/vol; Rf: 0.90)
was used to purify 4. The isolated yield of a colorless, viscous
oily product was 98.5%. IR (CHCl3, cm−1): 1777, 1732, 1587,

1481, 1420, 1329, 1235, 1125, 1038, 1000, 931, 862, and 772;
1H NMR (CDCl3, δH): 0.86 (t, J = 6.50 Hz, terminal methyl of
the FA chain, 3H), 1.48 (br m, 8-CH2 was merged, 8 × CH2
groups of the FA methylene chain, 18H), 1.66–1.56 (m, 3-CH2,
13-CH2, 4H), 2.00 (m, 11-CH2, 2H), 2.38 (m, 2-CH2, 2H), 3.71
(m, 12-CH-F, 1H), 5.40 (m, 9-H, 1H), 5.47 (m, 10-H, 1H); 13C
NMR (CDCl3, δC): 14.49 (C-18), 23.04 (C-17), 25.36 (C-3),
25.51 (C-8), 29.55, 29.71, 32.25, 34.73 (C-2), 35.60 (C-11),
97.85 (C-12), 125.81 (C-9),132.78 (C-10), and 174.06 (ester
carbonyl, C-1); EI-MS found [M + Na] 719.3576;
C40H53O9FNa [M + Na]+ requires 719.3571.

(iii) 4-O-Podophyllotoxinyl 12-[3′-(3′′, 4′′, 5′′-trimethoxy-
phenyl)propionyloxy]octadec-Z-9-enoate 5. Equimolar amounts
of 3-(3,4,5-trimethoxyphenyl)propionic acid and 2 were re-
acted to produce 5 by a method adopted earlier (21). The iso-
lated (n-hexane/ethyl acetate, 1:1, vol/vol, Rf: 1.0) yield of this
viscous colorless oil was 99%. IR (CHCl3, cm−1): 1779, 1733,
1587, 1464, 1235, 1123, and 1001; 1H NMR (CDCl3, δH): 0.90
(t, J = 7.0 Hz, terminal methyl of the FA chain, 3H), 1.34–1.27
(br m, 8 × CH2 groups of the FA methylene chain, 16H), 1.54
(m, 2H), 1.70 (m, 2H), 2.03 (m, 8-CH2, 2H), 2.31 (m, 2H), 2.42
(m, 2-CH2, 2H), 2.62 (m, 3′-CH2, 2H), 2.83 (m, 11-CH2, 2H),
2.97–2.91 (m, 2-H of podophyllotoxin, 2′-CH2, 3H), 4.91 (m,
12-H, 1H), 5.32 (m, 9-H, 1H), 5.46 (m, 10-H, 1H); 13C NMR
(CDCl3, δC): 14.46 (C-18), 22.97 (C-17), 25.41, 25.71, 27.72
(C-8), 29.52, 29.91, 31.83, 32.11, 32.33 (C-3′), 33.01 (C-11),
34.74 (C-2), 36.64 (C-2′), 74.53 (C-12), 124.63 (C-9), 132.71
(C-10). Two ester carbonyls appeared at δC 172.96 (C-1′) and
174.10 (C-1). The NMR signals associated with two sets of
three methoxy groups were as follows: δH 3.78 (s, 6H) and 3.83
(s, 6H) for 3′OCH3, 5′OCH3, 3′′OCH3, and 5′′OCH3; correla-
tions at δC 56.43, 56.52 for C-3′, C-5′, C-3′′ and C-5′′; 3.86 (s,
6H) for 4′OCH3 and 4′′OCH3; correlations at δC 61.14, and
61.21 (C-4′, C-4′′). The equivalent aromatic protons 2′-H and
6′-H (podophyllotoxin ring E) appeared at δH 6.41 (s) and cor-
related at δC 108.50. Similar protons (2′′-H and 6′′-H) of the
trimethoxyphenyl propionate moiety were deshielded to appear
slightly downfield at δH 6.44 (s) and correlated at δC 105.56 (C-
2′′, C-6′′). The quaternary carbons of both podophyllotoxin and
the trimethoxyphenyl propionate moiety were recorded at δC
128.0, 132.91, 135.25, 136.80, 137.52, 147.98, 148.50, 153.02,
153.60; EI-MS found [M + H] 917.4676; C52H69O14 [M + H]+

requires 917.4687.
(iv) 4-O-Podophyllotoxinyl 12-(phenoxycarbonyloxy)oc-

tadec-Z-9-enoate 6. First pyridine (1.80 mmol) and then phenyl
chloroformate (1.80 mmol) were added to a dry methylene
chloride (10 mL) solution of 2 (0.75 mmol) under a nitrogen
atmosphere with stirring at 0°C. The reaction mixture turned
yellow as soon as the phenyl chloroformate was added, and this
was allowed to stir at room temperature. Phenoxy ester forma-
tion was completed in 30 min as revealed by TLC. After the
usual workup, a crude product was obtained, which on purifi-
cation by silica gel column chromatography (n-hexane/ethyl
acetate, 1:1, vol/vol; Rf: 1.0) produced 6 as a yellowish oil. The
isolated yield was 98.5%. IR (CHCl3, cm−1): 1755, 1731, 1588,
1483, 1329, 1243, 1210, 1125, 1036, 999, and 866; 1H NMR
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(CDCl3, δH): 0.87 (t, J = 6.80 Hz, terminal methyl of the FA
chain, 3H), 1.31–1.28 (br m, 8 × CH2 groups of the FA methyl-
ene chain, 16H), 1.64 (m, 4H), 2.05 (m, 8-CH2, 2H), 2.23 (m,
2-CH2, 11-CH2, 4H), 4.79 (m, 12-H, 1H), 5.38 (m, 9-H, 1H),
5.54 (m, 10-H, 1H), 7.15 (m, 3′′-H and 5′′-H, two meta protons,
2H), 7.22 (m, 4′′-H, one para proton, 1H), and 7.36 (m, 2′′-H
and 6′′-H, two ortho protons, 2H); 13C NMR (CDCl3, δC):
14.43 (C-18), 22.93 (C-17), 25.34, 25.61, 27.68 (C-8), 29.46,
29.84, 32.06, 32.27, 33.89 (C-11), 34.69 (C-2), 79.85 (C-12),
121.43 (C-2′′, C-6′′), 124.04 (C-4′′), 126.19 (C-9), 129.75 (C-
3′′, C-5′′), 132.71 (C-10), 133.58 (C-1′′, quaternary carbon),
152.97 (phenoxy carbonyl at C-12 of the FA), and 174.02 (ester
carbonyl, C-1); EI-MS found [M + H] 815.3976; C47H59O12
[M + H]+ requires 815.40065.

(v) 4-O-Podophyllotoxinyl 12-[4′-(2′′-hydroxyethyl)piper-
azinecarbonyloxy]octadec-Z-9-enoate 7. To a solution of 6 (1
mmol) in dry methylene chloride (5 mL) was added 1-(2-hy-
droxyethyl)piperazine (2 mmol) under nitrogen. After being
stirred at room temperature for 24 h, the reaction mixture was
diluted with methylene dichloride (10 mL), washed with brine
and water, and dried. The organic layer was rotary-evaporated,
and the viscous residue was chromatographed on a silica gel
column (ethyl acetate/methanol, 9:1, vol/vol, Rf: 0.70) to afford
a viscous colorless and sticky oily product, 7, in 90% isolated
yield. IR (CHCl3, cm−1): 3472, 1773, 1733, 1692, 1589, 1459,
1425, 1240, 1127, 1036, and 872; 1H NMR (CDCl3, δH): 0.88
(t, J = 6.30 Hz, terminal methyl of the FA chain, 3H), 1.32–1.28
(br m, 17-CH2, 7-CH2, 6 × CH2 groups of the FA methylene
chain, 16H), 1.60 (m, 3-CH2, 13-CH2, 4H), 2.01 (m, 8-CH2,
2H), 2.23 (m, 2-CH2, 2H), 2.31 (m, 11-CH2, 2H), 2.55 (m, 3′-
CH2, 5′-CH2, 4H), 2.62 (t, J = 5.22 Hz, 2′′-CH2, 2H), 2.96 (m,
2′-CH2, 6′-CH2, 4H), 3.68 (t, J = 5.22 Hz, 2′′-CH2, 2H), 3.53
(unresolved signal, D2O exchangeable, OH, 1H),  4.78 (m,
12-H, 1H), 5.36 (m, 9-H, 1H), 5.47 (m, 10-H, 1H); 13C NMR
(CDCl3, δC): 14.43 (C-18), 22.94 (C-17), 25.22 (C-3), 25.73,
27.73 (C-8), 29.47, 29.56, 29.91, 32.12 (C-13), 32.51 (C-11),
34.14 (C-2), 40.24 (C-2′, C-6′), 53.15 (C-3′, C-5′), 58.10 (C-
2′′), 59.99 (C-1′′), 75.65 (C-12), 126.84 (C-9), 132.71 (C-11),
155.60 (carbamate carbonyl attached to C-12 of the FA), and
173.75 (ester carbonyl, C-1); EI-MS found [M + H] 851.4689;
C47H67O12N2 [M + H]+ requires 851.4694.

(vi) 4-O-Podophyllotoxinyl 12-{4′-[2′′-(hydroxyethoxy)-
ethyl]piperazinecarbonyloxy} octadec-Z-9-enoate 8. The pro-
cedure was the same as described for 7 except that 1-[2-(2-hy-
droxyethoxy)ethyl] piperazine was used as a reagent. A color-
less, viscous, and sticky oily, 8, was obtained in 92% yield on
isolation (ethyl acetate/methanol, 9:1, vol/vol, Rf: 0.60). IR
(CHCl3, cm−1): 3450, 1774, 1731, 1692, 1589, 1459, 1425,
1244, 1126, 1037, 930, 867, and 733; 1H NMR (CDCl3, δH):
0.84 (t, J = 6.80 Hz, terminal methyl of the FA chain, 3H),
1.31–1.23 (br m, 6 × CH2 groups of the FA methylene chain,
12H), 1.52 (m, 3-CH2, 17-CH2, 4H), 1.64 (m, 13-CH2, 2H),
1.98 (m, 8-CH2, 2H), 2.21 (m, 2H), 2.24 (m, 11-CH2, 2H), 2.40
(m, 2-CH2, 2H), 2.51 (m, 3′-CH2, 5′-CH2, 4H), 2.61 (m, 1′′-
CH2, 2H), 3.51 (m, 2′-CH2, 6′-CH2, 4H), 3.58 (m, 1′′′-CH2,
2H), 3.65 (m, 2′′-CH2, 2′′′-CH2, 4H), 3.72 (unresolved signal,

D2O exchangeable, OH, 1H), 4.73 (m, 12-H, 1H), 5.33 (m, 9-
H, 1H), 5.41 (m, 10-H, 1H); 13C NMR (CDCl3, δC): 14.06 (C-
18), 22.60 (C-17), 25.29 (C-3), 27.32 (C-8), 29.17, 29.50, 32.11
(C-13), 34.23 (C-2), 43.71 (C-2′, C-6′), 53.11 (C-3′, C-5′),
57.93 (C-1′′), 61.75 (C-2′′′), 67.23 (C-2′), 72.43 (C-1′′′), 75.21
(C-12), 126.42 (C-9), 132.30 (C-10), 155.25 (carbamate car-
bonyl attached to C-12 of the FA), and 173.42 (ester carbonyl,
C-1); EI-MS found [M + H] 895.4909; C49H71O13N2 [M + H]+

requires 895.4956.
(vii) 4-O-Podophyllotoxinyl undec-10-enoate 9. Compound

9 was prepared by the reaction of podophyllotoxin and undec-
10-enoic acid; the method is described in an earlier publication
(21). Isolated (n-hexane/ethyl acetate, 1:1 vol/vol, Rf: 1.0) yield
of a colorless oil was 99%. IR (CHCl3, cm−1): 1777, 1732,
1640, 1481, 1377, 1330, 1236, 1125, 997, and 862; 1H NMR
(CDCl3, δH): 1.36–1.22 (br m, 4 × CH2 groups of FA methyl-
ene chain, 8H), 1.65 (m, 2H), 2.03 (m, 3-CH2, 9-CH2, 4H), 2.42
(m, 2-CH2, 2H), 4.94 (m, 11-CH2, 2H), 5.81 (m, 10-H, 1H); 13C
NMR (CDCl3, δC): 24.50, 27.11, 28.85, 29.05, 29.15, 29.28,
33.77, 34.39 (C-2), 38.77, 114.29 (C-11), 139.15 (C-10), and
173.71 (ester carbonyl, C-1); EI-MS found [M + H] 581.2721;
C33H41O9 [M + H]+ requires 581.2750.

(viii) 4-O-Podophyllotoxinyl 11-(2′-hydroxyethylthio)undec-
anoate 10. 2-Mercaptoethanol (1.20 mmol) is added to a stirred
solution of 9 (1 mmol) in dry methylene chloride (5 mL) and
stirring is continued for 24 h under nitrogen at room tempera-
ture. Methylene chloride was rotary-evaporated, and silica gel
chromatography (n-hexane/ethyl acetate, 1:1, vol/vol, Rf: 0.80)
of the residue gave a colorless and sticky oily form of 10. The
isolated yield was recorded as 95%. IR (CHCl3, cm−1): 3507,
1778, 1733, 1588, 1484, 1420, 1331, 1239, 1171, 1127, 1038,
999, 866, and 735; 1H NMR (CDCl3, δH): 1.32–1.26 (br m, 6 ×
CH2 groups of the FA methylene chain, 12H), 1.55 (m, 2H),
1.65 (m, 2H), 2.25 (unresolved signal, OH, D2O exchangeable,
1H), 2.40 (m, 2-CH2, 2H), 2.51 (t, J = 7.60 Hz, 11-CH2, 2H),
2.68 (t, J = 6.0 Hz, 1′-CH2, 2H), 3.68 (t, J = 6.0 Hz, 2′-CH2,
2H); 13C NMR (CDCl3, δC): 24.96, 28.76, 29.12, 29.16, 29.31,
29.37, 29.70, 31.69, 33.87, 34.35 (C-2), 35.12 (C-1′), 60.40 (C-
2′), and 173.74 (ester carbonyl, C-1); EI-MS found [M + Na]
681.2713; C35H46O10SNa [M + Na]+ requires 681.2709.

(ix) 4-O-Podophyllotoxinyl 11-(2′,3′-dihydroxypropylthio)-
undecanoate 11. To a stirred solution of 9 (1 mmol) in dry
methylene chloride (5 mL) was added 3-mercapto-1,2-pro-
panediol (1.20 mmol) under a nitrogen atmosphere. The reac-
tion mixture was stirred at room temperature for 24 h. The or-
ganic solvent was rotary-evaporated, and the crude product was
purified on a silica gel column (J.T.Baker; n-hexane/ethyl ace-
tate, 1:2, vol/vol, Rf: 0.70) to produce 11. The isolated yield of
the viscous, colorless, and sticky oily product was 91%. IR
(CHCl3, cm−1): 3425, 1776, 1731, 1653, 1588, 1481, 1419,
1236, 1169, 1124, 1038, and 864; 1H NMR (CDCl3, δH):
1.30–1.23 (br m, 6 × CH2 groups of the FA methylene chain,
12H), 1.55 (m, 2H), 1.65 (m, 2H), 2.45 (m, 2-CH2, 2H), 2.52
(m, 11-CH2, 2H), 2.62 (unresolved signal, D2O exchangeable,
2 × OH), 2.76 (m, 1′-CH2, 2H), 3.54 (m, one of the protons of
3′-CH2, 1H), 3.70 (m, second proton of 3′-CH2, 1H), 3.77 (m,
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2′-H, 1H); 13C NMR (CDCl3, δC): 25.0, 28.98, 29.33, 29.32,
29.38, 29.52, 29.60, 29.89, 32.60 (C-11), 34.60 (C-2), 36.10
(C-1′), 65.63 (C-3′), 70.25 (C-2′), and 173.95 (ester carbonyl,
C-1); EI-MS found [M + H] 689.3010; C36H49O11S [M + H]+

requires 689.2995.
Assay for in vitro anticancer activity. Compounds 1–11 were

tested for their in vitro anticancer activity against a panel of
human cancer cell lines, including SK-MEL (malignant,
melanoma), KB (epidermal carcinoma, oral), BT-549 (ductal
carcinoma, breast), SK-OV-3 (ovary carcinoma) and HL-60
(human leukemia) as well as for cytotoxicity in noncancerous
VERO cells (African green monkey kidney fibroblast) as de-
scribed previously (21). The highest concentration tested was
15 µM, and DMSO (0.5%) was used as a solvent control.

RESULTS AND DISCUSSION 

Previous research (24–26) has suggested that FA in general,
and PUFA in particular, have preventive and therapeutic poten-
tial against cancer. Results of our previous cytotoxicity studies
on podophyllotoxin derivatives (C4α-FA) involving natural FA
of varying degrees of unsaturation, ω-hydroxyl FA, and 12-hy-
droxy-Z-9-ene FA demonstrated tumor selectivity over normal
cells in vitro (21–23). A number of studies have concluded that
chemically modified FA molecules possess more specific and
potent biological activity with possible changes in their thera-
peutic targets (27). The present work is based on the chemi-
cally transformed FA analogs of podophyllotoxin 1.

As part of our search for potential analogs of 1, functionali-
ties on FA side chains of an anticancer candidate, 4-O-
podophyllotoxinyl 12-hydroxy-octadec-Z-9-enoate 2, were
chemically modified to generate first F- and N-containing
analogs and then other products, 4-O-podophyllotoxinyl 12-
hydroxy-octadecanoate 3, 4-O-podophyllotoxinyl 12-fluoro-
octadec-Z-9-enoate 4, 4-O-podophyllotoxinyl 12-[3′-(3′′,
4′′,5′′-trimethoxyphenyl) propionyloxy]octadec-Z-9-enoate 5,
4-O-podophyllotoxinyl 12-(phenoxycarbonyloxy)octadec-Z-9-
enoate 6, 4-O-podophyllotoxinyl 12-[4′-(2′′-hydroxyethyl)-
piperazinecarbonyloxy]octadec-Z-9-enoate 7, and 4-O-podo-
phyllotoxinyl 12-{4′-[2′′-(hydroxyethoxy)ethyl]piperazinecar-
bonyloxy}octadec-Z-9-enoate 8 (Scheme 1) by adopting dif-
ferent synthetic strategies.

Compounds 3–5 were obtained directly from 2 by hydro-
genation of the FA Z-double bond (C-9/10) via substitution of
the FA 12C–OH by the F atom and by using the FA 12C–OH
to esterify the carboxylic acid of a trimethoxy aromatic acid,
respectively. The formation of podophyllotoxin FA carbamates
7 and 8 at C-12 of the FA chain was achieved in two steps: first,
the conversion of 2 into its phenoxy ester 6, followed by the re-
action of 6 with two different functional piperazines.

Two S-ethers (thioethers), 4-O-podophyllotoxinyl 11-(2′-
hydroxyethylthio)undecanoate 10 and 4-O-podophyllotoxinyl
11-(2′,3′-dihydroxypropylthio)undecanoate 11, were synthe-
sized from a new molecule, 4-O-podophyllotoxinyl undec-10-
enoate 9 (Scheme 1). The hydroxy group (C4α) of podophyllo-
toxin 1 was esterified with undec-10-enoic acid to give 9

(Scheme 1). The chemical structures of 3–11 were established
with the help of their spectroscopic data. In signals associated
with the FA, with podophyllotoxin, and in compounds 5–8, 10,
and 11, with additional signals arising from the introduction of
aromatic rings, N- and S-possessing moieties were adequately
assigned in their respective IR, 1H NMR, and 13C NMR spec-
tra and were confirmed by 13C–1H COSY correlation and dis-
tortionless enhancement by polarization transfer 135, 90, and
45 techniques. The high-resolution mass (electrospray ioniza-
tion) spectral studies confirmed their elemental composition. A
detailed spectroscopic characterization of 2 was discussed pre-
viously (21). Full spectroscopic values of 3 are given in the Ex-
perimental Procedures section because of its close structural
resemblance to 2. The NMR resonances related to the podo-
phyllotoxin nucleus in the remaining compounds, 4–11, were
omitted as no appreciable difference was detected between
these values and the ones we reported previously (21,22) for
C4α-FA derivatives.

The Z-double bond (C-9/10) in the FA side chain of com-
pound 2 was hydrogenated under 45 psi (10% Pd/C) and
yielded 3 as a completely hydrogenated product in high purity,
as confirmed by its NMR analysis. The GLC and NMR spectra
of aliquots taken at different time periods monitor the progress
of the reaction and show the time required for complete hydro-
genation. The reaction was repeated three times under similar
reaction conditions, and the average time for complete hydro-
genation of Z-9-ene was 8 h, when olefin signals were no
longer detected in the NMR spectrum of the product.

The 12-fluoro derivative 4 was synthesized by fluorinating
12-C–OH of 2 with an equimolar amount of both 2 and DAST
(source of fluorine) at −78°C under nitrogen for 1 h. The reac-
tion proceeded cleanly under mild reaction conditions and pro-
duced only the desired product 4. Compound 2 contained one
trimethoxyphenyl group in its podophyllotoxin nucleus (ring
E), and we introduced a second such moiety at C-12 in the FA
chain to study the anticancer activity of the new molecule. The
carboxylic acid group of 3-(3,4,5-trimethoxyphenyl)propionic
acid was esterified with the 12-hydroxy group of 2 with dicy-
clohexylcarbodiimide (DCC)/dimethyl aminopyridine (DMAP)
to achieve a quantitative amount of ditrimethoxy-phenyl-con-
taining compound 5. Podophyllotoxin C4α-FA carbamates 7
and 8 were formed through phenoxy ester 6, which was readily
prepared quantitatively by treating 2 under anhydrous condi-
tions with phenyl chloroformate and pyridine first at 0°C and
then at room temperature for 30 min. A methylene chloride so-
lution of phenoxy ester 6 was treated with 2 equiv of 1-(2-hy-
droxyethyl)piperazine under nitrogen at room temperature for
24 h to produce 7. The chemical composition of compound 7
consisted of three nuclei. The FA formed an ester bond at C4α
of podophyllotoxin, and hydroxyethylpiperazine formed a car-
bamate at C-12 on the FA chain. Similarly, compound 8 was
prepared when a solution of 6 was stirred with 2 equiv of 1-[2-
(2-hydroxyethoxy)ethyl]piperazine at room temperature for 24
h. Compound 8 was slightly more functionalized than 7. The
spectroscopic data of this molecule were almost similar to 7 as
far as the NMR signals related to the podophyllotoxin and FA
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units were concerned, but differed in signals related to the
piperazine moieties. 

4-O-Podophyllotoxinyl undec-10-enoate 9 was used as an
intermediate for synthesis of the S-ether analogs 10 and 11 and
formed readily when DCC/DMAP were used to esterify the
4α-hydroxy group of 1 with the carboxylic acid group of FA,
undec-10-enoic acid. The terminal double bond (C-11/10) in
the FA side chain of 9 underwent an efficient addition reaction
at C-11 when treated with a slight excess of 2-mercaptoethanol
to give a saturated thioether-incorporated analog, 10. The
chemical composition of the FA part of 10 was very similar to
the ω-hydroxy FA except that this FA contained an S atom to
form a thioether moiety. Similarly, when compound 9 was re-
acted with 3-mercapto-1,2-propanediol, an addition reaction at
C-11 afforded a saturated S-ether FA analog 11 of podophyllo-
toxin. Compound 11 possessed a FA that was bifunctional, as it
had a vicinal diol (C-2′, C-3′) function beside a thioether group
present at C-11 of the FA chain.

Configurations of two stereogenic/chiral centers, at which
reactions occurred, are depicted in Scheme 1. The stereochem-
istry of both stereogenic centers, C-4 of podophyllotoxin and
C-12 of the FA chain in compound 5, at which coupling reac-
tions took place, was retained. The reaction mechanism shows
that the coupling reactions did not alter the configurations of
the stereogenic centers (21,22). Similarly, the R-configuration
at C-4 of the podophyllotoxin was retained in compounds 2–11.
The R-configuration of the stereogenic center (C-12) in the hy-
drogenated product 3 remained intact because three different
groups and the lone hydrogen atom attached to it retained their
respective priorities as those in compound 2. According to the
sequence rule, a change in the priorities of substituents changes
the absolute configuration of the stereogenic center even with-
out its participation in a reaction. It is well established that the
fluorinating reagents, particularly DAST, replace the hydroxy
group with fluorine stereospecifically to produce a product of

inverted configuration with the highest optical purity (28–30).
Compound 4 might have the inversion of an R- to S-configura-
tion at C-12 to which the fluorine is bonded. Since stereochem-
istry was not studied, we preferred to show the bonding of flu-
orine at C-12 as a mixture of isomers (Scheme 1). The phenoxy
ester, 6, was formed from compound 2 when the lone pair of
electrons on the oxygen of the hydroxy group of the stereo-
genic carbon (C-12) attacked the carbonyl carbon of the phenyl
chloroformate. This explains the retention of the R-configura-
tion at C-12, as shown in Scheme 1. The retention of the R-con-
figuration at C-12 in carbamates 7 and 8 was attributed to non-
involvement of the stereogenic carbon in the reaction, as these
products were formed through the reactions of the carbonyl
carbon of the phenoxy ester moiety of 6 with piperazines. 

In vitro anticancer activity. Compounds 3–11 were assayed
in vitro against four human solid tumors—SK-MEL (malig-
nant, melanoma), KB (epidermal carcinoma, oral), BT-549
(ductal carcinoma, breast), and SK-OV-3 (ovary carcinoma)—
and human leukemia (HL-60) and noncancerous VERO
(African green monkey kidney fibroblast) cell lines. Their
growth inhibition activities are listed in Table 1. Compounds
3–5 were chemically modified products of 2 and lacked a meth-
ylene-interrupted hydroxy-Z-ene (12-hydroxy-Z-9-ene) system
in their FA side-chain moiety. Results of cytotoxicity testing
indicated that probably the “12-hydroxy-Z-ene” system was
important for these compounds to be active against the present
panel of human neoplastic cell lines. Saturation of Z-unsatura-
tion (C-9/C-10) in the FA chain of 2 decreased the activity of 3
against all four solid tumor cell lines. However, increased ac-
tivity was recorded in HL-60 cells as compared with 2. Simi-
larly, a loss of activity against solid tumors was observed when
the C-12 hydroxy group was substituted by the F atom in com-
pound 4, whereas almost the same potency against HL-60 was
maintained. The loss of activity against certain cell lines may
be attributed to inversion of the configuration at the stereogenic
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TABLE 1
Cytotoxicity of Compounds in a Panel of Cancer Cell Lines and Kidney Fibroblast Cellsa

Cancer cell lines Kidney fibroblast

Compoundsa SK-MEL KB BT-549 SK-OV-3 HL-60 VERO cells

1 0.22 0.24 0.36 0.19 0.01 0.55
2 0.45 1.26 4.76 0.17 0.66 NA
3 8.12 NA 7.50 10.64 0.22 NA
4 NA NA NA NA 0.73 NA
5 NA NA NA NA NA NA
6 NA NA NA NA NA NA
7 0.72 2.4 1.2 0.84 0.58 NA
8 1.87 2.2 2.53 0.77 0.55 NA
9 NA 0.93 1.33 NA 0.08 NA

10 0.30 0.45 0.30 0.30 0.10 NA
11 2.9 0.35 0.81 NA 0.07 NA
Paclitaxel 0.72 0.77 0.70 1.08 0.0019 NA
Doxorubicin 2.7 2.55 1.87 2.0 0.012 NA
aValues are IC50 in µM.
bThe highest concentration tested was 15 µM. IC50, concentration that causes 50% growth inhibition; NA, not active; SK-
MEL, human malignant melanoma; KB, human epidermal carcinoma, oral; BT-549, human ductal carcinoma, breast; SK-
OV-3, human ovary carcinoma; HL-60, human leukemia; VERO, monkey kidney fibroblast. Paclitaxel and doxorubicin
were used as positive controls.



center (C-12) or to the optical impurity of 4. The FA carbamate
(at C-12) derivatives 7 and 8 were uniformly active throughout
five cancer cell lines, although they were more effective toward
the HL-60-like compounds 2–4. Compound 5 was inactive
against all cell lines despite the presence of an additional 3,4,5-
trimethoxy aromatic functionality (at C-12) in addition to one
that was already in the main podophyllotoxin structure.

Compound 9 possessed a terminal unsaturated (11:1) FA
chain at C4α of the podophyllotoxin and was the first monoene
FA analog that was found to be active against two solid tumor
cell lines, KB and BT-549. It showed significantly high growth
inhibition activity in the HL-60 (leukemia) cell line. Earlier in-
vestigations on the derivatives of FA internal Z-monoenes
(20:1, ∆11) in vitro against similar cell lines (21) and in vivo
(18:1, ∆9) against P388 lymphocytic leukemia (19) have failed
to report any anticancer activity. The FA S-ether analogs 10 and
11, derived from 9, showed promising activities against all five
cancer cell lines, except that 11 was not active against ovary
carcinoma (SK-OV-3) cells. Analog 10 was functionalized
with a FA moiety (C11) at C4α of podophyllotoxin, which has a
close resemblance to the chemical structure of ω-hydroxy FA,
and its extent of growth inhibition was the same as that
recorded for a C10 ω-hydroxy FA C4α-analog against the same
panel of human cancer cell lines (21). Both 10 and 11 were ex-
cellent growth inhibitors of HL-60 (leukemia cells). Unlike
podophyllotoxin 1, none of its new derivatives (2–11) were
toxic toward normal mammalian cells. The present in vitro
evaluation revealed that structural modifications of 2, even by
incorporation of the F atom or N-containing moieties and FA
thioether derivatives, resulted in analogs that were nontoxic to
noncancerous VERO cells (Table1). This feature places these
products into the class of anticancer agents that possess selec-
tivity toward cancer cells over normal cells.

The main problem of podophyllotoxin and many of its
analogs, which has substantially reduced their therapeutic use-
fulness, is their scant selectivity, because these molecules tar-
get both cancer and normal cells alike. This study involving
FA-derived products has indicated promising results to address
this problem at the present stage of in vitro testing. Further in-
vestigation of these molecules may provide useful leads in the
development of new and effective pharmaceutical products. 
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ABSTRACT: Presented here is an approach to representing the
data from atmospheric pressure chemical ionization (APCI) mass
spectrometry (MS) of triacylglycerols (TAG) using a set of one, two,
or three Critical Ratios. These Critical Ratios may be used directly
to provide structural information concerning the regioisomeric
composition of the triacylglycerols (TAG), and about the degree
of unsaturation in the TAG. An AAA-type, or Type I, TAG has only
one Critical Ratio, the ratio of the protonated molecule, [M + H]+,
to the DAG fragment ion, [AA]+. The Critical Ratio for a Type I
TAG is [MH]+/Σ[DAG]+, and the mass spectrum of a Type I TAG
can be reproduced from only this one ratio. An ABA/AAB/BAA,
or Type II, TAG has two Critical Ratios, the [MH]+/Σ[DAG]+ ratio
and the [AA]+/[AB]+ ratio. The [AA]+/[AB]+ ratio for a single TAG
or TAG mixture can be compared with the [AA]+/[AB]+ ratios of
pure regioisomeric standards, and the percentage of each regioi-
somer can be estimated. The abundance of the protonated mole-
cule and the abundances of the two [DAG]+ fragment ions can
be calculated from the two Critical Ratios for a Type II TAG. To
calculate the abundances, the Critical Ratios are processed
through the Bottom-Up Solution to the TAG lipidome. First, Criti-
cal Limits are calculated from the Critical Ratios, and then the
Critical Ratios are classified into Cases by comparison with the
Critical Limits. Once the Case classification is known, the equa-
tion for the abundance of each ion in the mass spectrum is given
by the Bottom-Up Solution. A Type III TAG has three different FA
and three Critical Ratios. The [MH]+/Σ[DAG]+ ratio is the first
Critical Ratio, the [AC]+/([AB]+ + [BC]+) ratio is the second Criti-
cal Ratio, and the [BC]+/[AB]+ ratio is the third Critical Ratio. The
second critical ratio for a Type III TAG can be compared with re-
gioisomeric standards to provide an estimate of the percentage
composition of the regioisomers. The three Critical Ratios for a
Type III TAG can be processed through the Bottom-Up Solution
to calculate the four ion abundances that make up the APCI-MS
mass spectrum. The Critical Ratios constitute a reduced data set
that provides more information in fewer values than the raw
abundances.

Paper no. L9524 in Lipids 40, 383–417 (April 2005).

Work over the last decade has proved that HPLC combined
with atmospheric pressure chemical ionization (APCI) MS is

an instrumental technique capable of accomplishing qualitative
and quantitative analyses of complex mixtures of many classes
of lipids. HPLC/APCI-MS is useful for qualitative and/or
quantitative analysis of FA (1–4), TAG (5–11), phospholipids
(12–16), ceramides (17), carotenoids (18–22), steroids (23–25),
and others. Reviews of the applications of APCI-MS for lipid
analysis have been published in recent years (26–29). 

An important aspect of TAG analysis is the determination
of the positional placement of the FA on the glycerol backbone
(30). Plants synthesize lipids with structural specificity, namely,
saturated FA are most often preferentially located on the sn-1
and sn-3 positions of the glycerol backbone, and PUFA are
preferentially found in the sn-2 position. TAG are metabolized
by enzymes in the human digestive system with structural
specificity, with FA in the sn-1 and sn-3 positions being re-
moved from the glycerol backbone first. Furthermore, enzy-
matic synthesis of TAG can be used to produce structured TAG
with particular FA located in regiospecific locations (31).
Therefore, knowledge of the composition of molecular species
in a mixture of TAG, and of the regioisomeric configurations
of selected TAG for which standards are available, could pro-
vide valuable information to be considered in the planning of
dietary, nutritional, metabolic, and related studies. It has been
demonstrated by a growing literature precedent that APCI-MS,
preceded by a variety of HPLC or supercritical fluid chroma-
tography (SFC) techniques, or simply by direct infusion, pro-
vides much of the information sought by those engaged in di-
etary studies of natural and/or synthetic TAG.

We have been interested in the qualitative and quantitative
analysis of TAG. In 1995, we reported the first applications of
reversed-phase (RP)-HPLC/APCI-MS to a mixture of synthetic
TAG (6). In that initial work, we described basic characteris-
tics of APCI-MS mass spectra of TAG and showed that APCI-
MS mass spectra of TAG molecules exhibited primarily two
types of ions. One is the protonated molecule and the other is
DAG-like ions. We noted that the amount of the protonated
molecule depends on the number of sites of unsaturation in the
molecule. TAG with more sites of unsaturation form larger pro-
tonated molecule abundances (and small [DAG]+ abundances),
whereas those TAG with few sites of unsaturation form only
small abundances of the protonated molecule (and large abun-
dances of [DAG]+). In summary, the abundance of the proton-
ated molecule in a mass spectrum obtained by APCI-MS is pro-
portional to (increases with) the amount of unsaturation in a
TAG molecule and is inversely proportional to the abundances
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of the [DAG]+ fragment ions. Although proportional in some
way, the relationship between the degree of unsaturation and
the abundance of the protonated molecule is not simply linear.
The nature of the relationship remains to be characterized. 

APCI-MS of TAG

Early reports. Shortly after the first report (6), we studied sev-
eral qualitative applications of RP-HPLC/APCI-MS to TAG in
normal and genetically modified seed oils (32) and in indus-
trial seed oils containing epoxide and alkyne functional groups
(33). We went on to study the quantitative analysis of TAG
using response factors and have presented these results in sev-
eral reports (7,34,35). 

Meanwhile, other researchers used APCI-MS for qualitative
analysis of TAG, with an emphasis on the identification of re-
gioisomers. Laakso and Voutilainen (8) used silver-ion (argenta-
tion) chromatography with APCI-MS for analysis of 10 struc-
turally specific regioisomers of TAG. The authors combined the
partial separation of isomers of polyunsaturated TAG by the sil-
ver-loaded column with the detection ability of APCI-MS. The
authors presented data for several di-acid TAG, which contain
two different FA, A and B, to form three possible TAG regioiso-
mers: ABA, AAB, or BAA. The authors showed that the DAG-
like fragment ions, [DAG]+, seen in the APCI-MS mass spec-
trum of a di-acid TAG were formed in proportions that were
other than statistically expected, which led to the understanding
that the ratio of the abundances of the fragment ions,
[AA]+/[AB]+, can be correlated with the identities of specific re-
gioisomers. They showed that the [DAG]+ fragment ion formed
by the loss of the FA chain in the sn-2 position was less abun-
dant than the [DAG]+ formed by loss of the sn-1 or sn-3 FA. This
demonstrated that the relative amounts of the fragment ions
could potentially be used to identify the positional isomers pre-
sent in a mixture of TAG. Also in 1996, Laakso (36) applied RP-
HPLC/APCI-MS to the analysis of berry oils. Although the chro-
matographic behavior of the isomeric TAG was reversed on the
RP column compared with the silver-loaded column, the APCI-
MS mass spectra exhibited the same trends as described above.
Manninen and Laakso (37) later applied SFC coupled with
APCI-MS for analysis of regioisomers in berry oils. 

In 1996, Mottram and Evershed (10) also demonstrated that
the loss of the acyl chain from the sn-1 or sn-3 position was en-
ergetically favored over loss from the sn-2 position. These au-
thors, in collaboration with other colleagues, went on to report
the identities of regioisomers in a variety of vegetable oils (11)
and in animal fats (38). Both Mottram and Evershed and col-
leagues (10,11,38), and Laakso and coworkers (8,36,37) reported
several important qualitative trends. First, they agreed that the
DAG-like ion, [DAG]+, formed by loss of the FA chain in the
sn-2 position was less abundant than the [DAG]+ formed by loss
of the sn-1 or sn-3 FA for di-acid TAG. Mottram and Evershed
(10) were the first to mention that the APCI-MS mass spectrum
of a TAG having three different FA, a tri-acid TAG, showed three
[DAG]+ fragments, and that the [DAG]+ ion that had the lowest
abundance was the sn-1,3 [DAG]+ fragment formed by loss of

the sn-2 FA chain. A TAG having three different FA is referred
to as an ABC TAG; alternatively, it is termed a Type III TAG.
Unless further specified, an ABC-type TAG can have six possi-
ble structures: ABC, BAC, BCA, CBA, CAB, and ACB. How-
ever, the sn-1 and sn-3 regioisomers cannot be distinguished by
on-line APCI-MS without derivatization. To simplify reference
to ABC-type TAG, they can be considered as ABC, BAC and
BCA, with the understanding that the sn-1 and sn-3 positions can
be reversed. So simply referring to a TAG as ABC cannot be as-
sumed to represent one specific regioisomer having A at sn-1, B
at sn-2, and C at sn-3. Because of the inherent ambiguity in the
label ABC, we refer to this type of TAG as a Type III TAG
herein, because no regiospecificity is inherently implied, and
thus there is no inherent ambiguity. 

The results of Laakso (36), Laakso and Voutilainen (8),
Mottram, Evershed, and colleagues (10,11,38), and Laakso and
Manninen (9) revealed that the [DAG]+ fragment ions formed
by the loss of the sn-2 FA had the lowest abundance of the
[DAG]+ fragment ions. Thus, the specific sn-1,3 [DAG]+ frag-
ment could be identified. They also indicated that no preference
for the sn-1 vs. sn-3 positions on the glycerol backbone of the
TAG was observed. A preference was reported by Laakso and
Voutilainen (8), Manninen and Laakso (37), and Laakso (36) that
indicated that, for PUFA, a closer proximity of the double bonds
to the glycerol backbone led to a larger abundance of the frag-
ment formed by loss of the PUFA than when the double bonds
were further away. Specifically, when γ-linolenic (n-6) acid (Ln)
was compared with α-Ln (n-3), the former showed a more abun-
dant [sn-1,3-DAG]+ fragment ion than the latter when the PUFA
was in the sn-2 position.

Herein, when the APCI-MS data are used to specify the re-
giospecific structure of a TAG, the name of the TAG is placed in
bold, as in OPS, compared with OPS, POS, or PSO (where S =
stearic acid, P = palmitic acid, and O = oleic acid). This indicates
that the sn-1,3 [DAG]+ (e.g., [OS]+) has been identified by its
minimal abundance in an APCI-MS mass spectrum. Of course,
these are also equal to SPO, compared with SPO, SOP, or OSP,
all else being equal. This will be discussed further below.

Statistical and nonstatistical considerations for Type II
TAG. A TAG having two different FA chains is referred to
herein as a Type II TAG. It is also referred to as an ABA/AAB
TAG. Of course, this is equal to ABA/BAA. These possibili-
ties can also be referred to as ABA/(AAB/BAA). Since Type II
TAG have two of one FA, A, and one of the other FA, B, there
is a likelihood of 2/3 (= 66.67% statistical probability) that any
[DAG]+ fragment would contain one A FA combined with a B
FA, which would give either an [AB]+ or [BA]+ fragment ion,
which are two possibilities with equivalent mass, in contrast to
[AA]+. Since the [AB]+ and [BA]+ ions have the same mass,
they are indistinguishable by APCI-MS, so these two ions may
be considered as a single group and should represent 66.67%
of the abundances of all [DAG]+ fragment ions, all else being
equal. On the other hand, there is a 1/3 chance (= 33.33% sta-
tistical probability) that any [DAG]+ that is observed would
contain two A FA, which would give the [AA]+ fragment, out
of the three possible [DAG]+ fragment structures. 

384 W.C. BYRDWELL

Lipids, Vol. 40, no. 4 (2005)



Statistical considerations can be used for determining what
relative abundances of the [DAG]+ fragment ions could be ex-
pected in an APCI-MS mass spectrum of a TAG. Based solely
on statistical considerations, all Type II TAG contain two A FA
and one B FA and so should give a ratio of abundances
[AA]+/([AB]+ + [BA]+) equal to (1/3)/(2/3) = 1/2, or 0.5. Re-
gardless of their absolute abundances, from 100% to less than
1.00%, the ratio of the abundances of the [AA]+ and [AB]+

fragment ion m/z values should be 0.5. Observed conditions
can lead to nonstatistical abundances of [AA]+ and [AB]+

[DAG]+ fragment ions in APCI-MS mass spectra.
The [AA]+ ion that is observed at a given m/z value will rep-

resent [sn-1,3-AA]+, [sn-1,2-AA]+, and [sn-2,3-AA]+. Simi-
larly, the [AB]+ ion at a particular m/z value will represent
[sn-1,3-AB]+, [sn-1,2-AB]+, and [sn-2,3-AB]+, and also
[sn-1,3-BA]+, [sn-1,2-BA]+, and [sn-2,3-BA]+.

By using APCI-MS mass spectra of the pure regioisomers
of sn-1,3 ABA TAG vs. sn-1,2 AAB TAG, it has been shown
that the abundance of the [DAG]+ fragment ion formed as

[sn-1,3-AA]+ from [ABA + H]+ is smaller than that formed as
[sn-1,2-AA]+ from [AAB + H]+, even though these ions are ex-
pected with equal statistical probability. Mottram and Evershed
(10) and Hsu and Turk (39) mentioned that this indicated that
the formation of the [sn-1,3-AA]+ ion was energetically disfa-
vored, because it involves loss of the sn-2 FA instead of one of
the more labile sn-1 or sn-3 chains. Hsu and Turk (39), who
used electrospray ionization (ESI) MS of TAG as their lithiated
adducts, proposed that the sn-1 and sn-3 chains are promoted
to leave by participation of the labile α-hydrogens of the neigh-
boring FA. They suggest that the α-hydrogens of the middle
FA are more labile than the α-hydrogens of the sn-1 or sn-3
chains and so help the sn-1 or sn-3 chains to leave more read-
ily. Regardless of the specific mechanism that is assumed to
operate, the observed ratios of [AA]+/[AB]+ are different for
the different pure isomers of regiospecific TAG. 

Table 1 shows the [AA]+/[AB]+ ratios for a variety of pure
isomers, most of them commercially available. It is notable that
the [AA]+/[AB]+ ratios of the two isomers are not equal for any
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TABLE 1
Fragment Ratios Reported by Various Authors for Regiospecific Analysis by APCI-MSa

Ionization [sn-1,3-AA]+/
Authorsb method AAB [AA]+/[AB]+ ABA [sn-1,2- or sn-2,3-AB]+

LV APCI PPO 0.89 POP 0.34
ME APCI PPO 0.95 ± 0.30 POP 0.20 ± 0.08
BN APCI PPO 0.87 POP 0.29
BN ESI PPO 0.68 POP 0.23
ML APCI PPO 0.79 POP 0.41
FHAFD APCI PPO 2.07c POP 0.22
LV APCI OOP 0.70 OPO 0.09
BN APCI OOP 0.51 OPO 0.17
BN ESI OOP 0.67 OPO 0.24
ML APCI OOP 0.48 OPO 0.16
FHAFD APCI OOP 0.43 OPO 0.07
LV APCI OOLn (n-6) 1.97c OLnO (n-6) 0.90c

ML APCI OOLn (n-6) 1.29c OLnO (n-6) 0.63
L APCI OLnO (n-3) 0.17
L APCI OLnO (n-6) 0.64
LV APCI PPL 0.76
ML APCI PPL 0.70
FHAFD APCI PPL 2.99c PLP 0.40
LV APCI SLS 0.38
ML APCI SLS 0.41
LV APCI SSP 0.56
FHAFD APCI PPS 0.94 PSP 0.15
FHAFD APCI PPA 10.64c PAP 1.56c

FHAFD APCI AAP 0.09 APA 0.02
BN APCI OOS 0.54
BN ESI OOS 0.64
FHAFD APCI OOS 0.44 OSO 0.11
ME APCI SSO 1.07 ± 0.16 SOS 0.29 ± 0.12
L APCI SSO 1.33c

FHAFD APCI SSO 1.81c SOS 0.26
L APCI LLO 1.24c

JJF APCI LLO 0.7028 LOL 0.2289
FHAFD APCI LLS 1.52c LSL 0.37
aRatio of the abundances of [AA]+ to [AB]+ in AAB and ABA TAG.  
bLV: Laakso and Voutilainen (8); ME: Mottram and Evershed (10); BN: Byrdwell and Neff (43); ML: Manninen and Laakso
(SFC/APCI-MS) (37); L: Laakso (36); JJF: Jakab, Jablonkai, and Forgacs (42); FHAFD: Fauconnot, Hau, Aeschlimann, Fay,
and Dionisi (40).
cMuch higher than expected statistically. APCI, atmospheric pressure chemical ionization; SFC, supercritical fluid chroma-
tography; P, palmitic acid; S, stearic acid; O, oleic acid; Ln, linolenic acid; A, arachidonic acid.



TAG. The two pure isomers each give different characteristic
ion abundance ratios [AA]+/[AB]+, and these are almost all
at nonstatistically expected ratios. The variation of the
[AA]+/[AB]+ ratio with different regioisomers demonstrates
that the positional placement of the FA on the glycerol back-
bone exerts a nonstatistical effect on the abundances of the ions
formed by APCI-MS.

When comparing APCI-MS spectra of TAG, one must dif-
ferentiate between (i) the APCI-MS mass spectrum of an indi-
vidual TAG with unknown regiospecificity; (ii) the APCI-MS
mass spectrum of a pure positional isomer of a TAG; (iii) a
mass spectrum of a mixture of pure positional isomers; (iv) a
mass spectrum of mixtures of several isomers in synthetic mix-
tures; and (v) mass spectra of combinations of TAG in natural
mixtures. Knowing the type of sample being examined is es-
sential to proper use of the [AA]+/[AB]+ ratio obtained from
the sample. The actual [AA]+/[AB]+ ratio observed for any
TAG or mixture of TAG is due to nonstatistical effects acting
in combination with the expected ratio of 0.5. When consider-
ing the variety of pure TAG and TAG mixtures, the nonstatisti-
cal effects on the [AA]+/[AB]+ ratio can include: (i) differences
in composition from 100% isomers to combinations of TAG
regioisomers in TAG mixtures; (ii) formation of the sn-1,3 iso-
mer, which is energetically disfavored under APCI-MS condi-
tions, leading to a lower [AA]+/[AB]+ ratio when [AA]+ is the
sn-1,3 isomer; and (iii) a disparity in the amount of unsatura-
tion in FA A vs. B, and (iv) differences in the positions of the
sites of unsaturation in the FA chains. 

Characterization of the relationship between the identities
of TAG structures and the [DAG]+ fragment ions in the APCI-
MS mass spectra of TAG has been the subject of primarily
qualitative investigations of regioisomers of TAG. Such stud-
ies have shown that each of the foregoing categories of TAG
and TAG mixtures gives different [AA]+/[AB]+ ratios, based
on the structure(s) of the TAG. Pure regioisomers give
[AA]+/[AB]+ ratios that represent the upper and lower bound-
aries of the [AA]+/[AB]+ ratio that should be obtained by any
mixture of regioisomers of a particular TAG. 

Using APCI-MS mass spectra for qualitative analysis of TAG
regioisomers. As mentioned, Laakso and Voutilainen (8), Mot-
tram and Evershed and colleagues (10,11), and Laakso (36)
showed that the [DAG]+ fragment ions formed by the loss of the
sn-2 FA chain have the lowest abundance of the [DAG]+ frag-
ment ions. The APCI-MS mass spectra of pure TAG isomers re-
ported by the above authors demonstrated that the ion abun-
dances and, more conveniently, the ratio of the ion abundances,
[AA]+/[AB]+, are expected to change with the regioisomeric
composition of a mixture of TAG regioisomers. These authors
reported that if the FA A chains in an ABA/AAB/BAA TAG are
located in the sn-1,3 positions, i.e., [sn-1,3-AA]+, the [DAG]+

fragment ion has a lower abundance than the 0.5 ratio statisti-
cally expected.

This tendency was used by Laakso (36) and Manninen and
Laakso (37) to describe, in a semiquantitative way, the compo-
sitions of regioisomers in natural berry and other oils. This rep-
resented an early attempt at quantitative analysis of the relative

amounts of regioisomers. These articles described another in-
teresting observation that must be taken into consideration.
They showed that the positions of the double bonds in polyun-
saturated TAG had a substantial impact on the relative abun-
dances of [AA]+ and [AB]+ fragment ions. This trend can
clearly be seen in Table 1 by comparing the [AA]+/[AB]+ ra-
tios of the O(n-6)LnO and O(n-3)LnO regioisomers [where O
= oleic acid, (n-6)Ln = γ-linolenic acid, and (n-3)Ln = α-lino-
lenic acid]. The O(n-3)LnO isomer has a low [AA]+/[AB]+

ratio (= 0.17) typical of most pure sn-1,3 isomers. On the other
hand, the O(n-6)LnO isomer has [AA]+/[AB]+ ratios (= 0.63 to
0.90) that are higher than the 0.5 that is statistically expected,
and the OO(n-6)Ln isomer gives an even higher [AA]+/[AB]+

ratio. Observations such as these constitute the trends that can
be correlated with certain ratios.

In addition to the observations previously mentioned, Table 1
shows several other trends. First, every ABA TAG gave an
[AA]+/[AB]+ ratio that was smaller than the ratio from the corre-
sponding AAB TAG. This, of course, reflects the fact that the
loss of sn-2 chain is energetically disfavored. When the [AA]+

corresponds to the sn-1,3 isomer, its abundance is diminished.
Another trend is that the [AA]+/[AB]+ ratio for almost all sn-1,3
isomers, ABA, is substantially below the statistically expected
value of 0.5. The isomer that contained the (n-6)Ln was the ex-
ception to this trend. It can also be seen in Table 1 that most, but
not all, AAB isomers gave [AA]+/[AB]+ ratios larger than the
statistically expected value of 0.5. Hence, the [AA]+/[AB]+ ratio
may by more useful for identifying some AAB TAG (e.g., PPO,
where P = palmitic acid) than others (e.g., OOP). 

Recent articles allow us to move toward a more numeric and
quantitative method for analysis of TAG regioisomers. Articles
cited below describe approaches that have been demonstrated
to be useful to obtain a quantitative estimation of the percent-
age compositions of any regioisomers for which calibration
standards are available. However, three other qualitative con-
siderations should be mentioned. First, the [DAG]+ fragment
ions that are produced by APCI-MS are isobaric with a normal
intact DAG minus a water group. In the process of leaving, the
RxCOO that is lost from a TAG in the APCI source takes the
glycerol oxygen with it to form an [M + H − RCOOH]+ ion.
These same [DAG]+ fragment ions are formed during ESI-
MS/MS of TAG. According to Hsu and Turk (39), who per-
formed deuterium-labeled experiments on lithiated TAG by
ESI-MS, the carbonyl oxygen of the FA neighboring the one
that is lost carries out nucleophilic attack on the glycerol car-
bon atom that contains the leaving group, forming a five- or
six-membered ring, with the participation of the α-hydrogen of
the ring-attached FA chain. 

Second, plants produce TAG with regiospecificity as well
as single enantiomers of asymmetric TAG having the L config-
uration. TAG that are produced by the chemical interesterifica-
tion of glycerol and FA, such as the 35-TAG mixture used as
an example herein, are a mixture of enantiomers. 

Third, the integrated areas under the ion chromatograms of
the [M + H]+ ion and of [DAG]+ fragment ions over a specific
time range can be used to produce a mass spectrum that appears
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the same as an averaged mass spectrum across the same time
range. Since all [DAG]+ fragments originate in the APCI
source, all fragments that occur from a particular TAG must
occur at the retention time associated with that TAG. So inte-
grated areas under ion chromatograms corresponding to the
fragments will be in the same proportions as the ion abun-
dances in an averaged mass spectrum across the same time
range. Therefore, quantitative estimation of the regioisomeric
composition based on the [AA]+/[AB]+ ratio can use either in-
tegrated areas under ion chromatograms or abundances in an
average mass spectrum across the chromatographic peak. The
method for the quantitative analysis of TAG molecular species
that we developed and have reported extensively before
(7,34,35) uses the areas under ion chromatograms for quantita-
tive analysis of TAG molecular species. These same data will
also be used to construct the [AA]+/[AB]+ ratio and other ra-
tios presented herein. Fauconnot et al. (40) also used areas
under ion chromatograms for quantitative analysis of TAG re-
gioisomers. The areas under the peaks of the [M + H]+ and
[DAG]+ fragment ions determined by APCI-MS were used to
calculate the Critical Ratios given in Table 2.

Using APCI-MS mass spectra for quantitative analysis of
TAG regioisomers. In 2003, Byrdwell (29) cited the need for
improved methods for quantitative analysis of regioisomers. In
discussing the quantification of TAG positional isomers, he
said: 

A comprehensive study using the greatest possible num-
ber of positional isomers with disparate amounts of un-
saturation needs to be undertaken for both APCI-MS and
ESI-MS/MS. In our initial work, we did not address this
issue because we felt that it would require lengthy quan-
tification of the abundances of DAG fragment ions from
a large series of standards to address the issue adequately.
We believed that the proper approach would be to per-
form APCI-MS of a wide range of structured lipids, de-
termine the ratios of DAG fragment ions that are pro-
duced, and then interpolate between the ratios for the 1,2-
versus the 1,3- isomers to get a quantitative estimation of
the relative amounts of each of these isomers in real sam-
ples. Unfortunately, only a limited number of structured
lipids are commercially available, so full treatment of
this subject will require synthesis of an array of struc-
tured lipids, followed by their analysis. Until then, great
care must be exercised in using APCI-MS for positional
isomer identification, especially for polyunsaturated
TAG (41).

A recent article by Jakab, Jablonkai, and Forgacs (42) con-
stitutes the first example of the process described above. Jakab
et al. (42) described the use of APCI-MS for analysis of mix-
tures of pure positional isomers of LOL/LLO (where L =
linoleic acid). They demonstrated that a calibration curve could
be constructed that plotted the ratio of abundances of [DAG]+

fragment ions vs. the percentage of the LLO isomer (the LOL
isomer percentage could just as easily be plotted). This calibra-

tion curve, reproduced in Figure 1, accomplished quantifica-
tion of the relationship between the abundances of ions in
APCI-MS mass spectra and, more specifically, the ratio of
abundances, [AA]+/[AB]+ (i.e., [LL]+/[LO]+), to the relative
amount of the ABA isomer, i.e., the LOL isomer.

The equation shown by Jakab et al. (42) and seen in Figure
1 is the least-squares best-fit line equation, based on 11 mix-
tures representing the concentration range from 0% LOL/(LLO
+ OLL) to 100% LOL/(LLO + OLL). Of course, 0% LOL rep-
resents 100% (LLO + OLL), and, conversely, 100% LOL rep-
resents 0% (LLO + OLL). Any mixture of TAG should contain
an amount of the ABA isomer somewhere between 0 and
100%, so this calibration line should apply to any mixture of
these TAG, to correlate the amount of the [sn-1,3-AA]+ isomer
with the [AA]+/[AB]+ ratio.

These authors (42) simplified the complex situation men-
tioned by Byrdwell (41) by examining only the two isomers of
one TAG. Nevertheless, they clearly demonstrated that the ap-
proach—of determining the DAG fragment ratios for a series
of standard solutions and then interpolating the ratio of posi-
tional isomers from the DAG fragment ratios of actual sam-
ples—is effective for determining the relative amounts of two
isomers. Of course, every TAG for which positional isomers
are to be determined requires isomeric standards and multiple
solutions of each standard pair of isomers to be quantified. As
Figure 1 shows, Jakab et al. (42) used 11 solutions to cover the
range from 0 to 100%, inclusive, by 10% increments. Five
replicate measurements of each of these standard solutions rep-
resent at least 55 experiments that were performed to produce
the calibration line shown in Figure 1. These experiments
would need to include a larger number of pure regiospecific
standards to be more widely applicable. Nevertheless, the ap-
proach taken by Jakab et al. (42) appears to be the most appro-
priate approach for accurate quantitative estimation of the rela-
tive amounts of regioisomers. 

The full set of standard solutions serves to demonstrate that
there is an approximately linear relationship (r2 = 0.9884) be-
tween the [AA]+/[AB]+ ratio and the percent composition of
regioisomers. One could say that the [AA]+/[AB]+ ratio can be
used as a Critical Ratio for the determination of the percentage
composition of mixtures of regioisomeric standards. Therefore,
the question arises: Can this accurate quantitative analysis of
TAG regioisomers be accomplished with fewer experimental
data? Can one derive the same or similar results from a less ex-
tensive set of experiments? If so, then this would be an advan-
tage. The first simplification would be to construct a line di-
rectly between the two end points of the line. This is experi-
mentally equal to determining only the mass spectra and
therefore the [AA]+/[AB]+ ratios for 100% pure LLO (0%
LOL) and for 100% pure LOL (0% LLO). The equation for
the line formed between the two average (n = 5) end point val-
ues in Figure 1 can be compared with the line formed by the
least-squares best-fit line end points. 

For instance, in the data presented by Jakab et al. (42), the ob-
served extremes had average [AA]+/[AB]+ ratios of 0.7028 and
0.2289, for 100% LLO (= 0% LOL) and 100% LOL (= 0%
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LLO), respectively. These values are shown in Table 1. Simi-
larly, each set of [AA]+/[AB]+ ratios of TAG positional isomers
in Table 1 defines the range of DAG fragment ion ratios that
should be encountered in APCI-MS (as well as some ESI-MS)
mass spectra of TAG. An equation of the line that approximately
describes the [AA]+/[AB]+ ratio for any combination of TAG po-
sitional isomers can be constructed from these two end points. If
one puts the line in Figure 1 in the form of y = mx + b, then y =
([AA]+/[AB]+) = m · (% LOL) + b. In this equation, b would
equal the ([AA]+/[AB]+) ratio at 0% LOL. In terms of x and y,
the coordinates of the two end points would be (0% LOL,
([AA]+/[AB]+)AAB) and (100% LOL, ([AA]+/[AB]+)ABA),
where the subscripts represent the ([AA]+/[AB]+) ratios of pure
standards of AAB and ABA, i.e., LLO (= 0% LOL) and LOL,
which would be explicitly: (0%, 0.7028), (100%, 0.2289). The
equation of the line constructed from these end points would be:
m = (∆y)/(∆x) = (y2 − y1)/(x2 − x1) = ((([AA]+/[AB]+)ABA) −

([AA]+/[AB]+)AAB))/(100 − 0) and b = ([AA]+/[AB]+)AAB. In
terms of the data reported by Jakab et al. (42), this gives: m =
(∆y)/(∆x) = (y2 − y1)/(x2 − x1) = ((([LL]+/[OL]+)LOL) −
([LL]+/[OL]+)LLO))/(100 − 0) = (0.2289 − 0.7028)/(100 − 0) =
(−0.4739)/(100) = −0.004739; and b = ([LL]+/[OL]+)LLO =
0.7028. From this line comes the relationship:

This equation can be seen to be in the general form:

[1]

To get a line with a positive slope, the y values, ([AA]+/[AB]+),
can be arranged from lowest to highest, which means that the x
values should be put in terms of % LLO to make x also go from
low to high as ([AA]+/[AB]+) goes from low to high. The
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TABLE 2
TAG Composition and Critical Ratios from the Synthetic 35-TAG Mixturea, Determined by APCI-MS (three replicates)

Statistical Adjusted [M + H]+/
ECN TAG % comp. APCI-MS Σ[DAG]+ ±SD [AA]+/[AB]+ ±SD ±SD2 [BC]+/[AB]+ ±SD

48 PPP 0.84 0.75 0.00 0.00
54 SSS 0.94 0.82 0.00 0.00
48 OOO 0.85 0.88 3.24 0.39
42 LLL 0.77 0.78 120.07 12.40
36 LnLnLn 0.62 0.78 222.80 22.45
50 PSP/PPS 2.62 2.40 0.00 0.00 49.26 0.84 0.84
48 POP/PPO 2.54 2.49 0.55 0.12 65.28 2.35 2.35
46 PLP/PPL 2.45 2.87 0.40 0.28 84.11 2.45 2.45
44 PLnP/PPLn 2.28 2.53 12.81 2.34 69.94 3.11 3.11
52 SPS/SSP 2.72 2.44 0.00 0.00 40.91 3.31 3.31
52 SOS/SSO 2.73 2.48 0.45 0.04 75.14 2.78 2.78
50 SLS/SSL 2.64 2.96 0.42 0.12 82.89 2.08 2.08
48 SLnS/SSLn 2.45 2.75 9.59 1.12 60.98 3.16 3.16
48 OPO/OOP 2.55 2.72 1.89 0.19 36.12 1.42 1.42
50 OSO/OOS 2.65 2.76 1.12 0.32 39.82 1.73 1.73
46 OLO/OOL 2.47 2.54 11.93 1.12 50.10 2.20 2.20
44 OLnO/OOLn 2.30 2.27 36.94 3.35 41.62 2.52 2.52
44 LPL/LLP 2.38 2.00 27.64 8.83 88.84 9.62 9.62
46 LSL/LLS 2.47 2.29 43.47 8.73 76.07 8.61 8.61
44 LOL/LLO 2.39 2.33 44.44 9.15 74.62 7.01 7.01
40 LLnL/LLLn 2.15 2.21 101.35 36.30 51.97 17.86 3.70
40 LnPLn/LnLnP 2.06 1.94 101.33 24.18 74.69 17.68 13.63
42 LnSLn/LnLnS 2.13 1.96 61.31 12.99 95.10 20.10 10.10
40 LnOLn/LnLnO 2.07 2.26 101.34 43.98 83.80 34.13 9.97
38 LnLLn/LnLnL 2.00 2.15 128.01 26.00 64.08 12.94 5.77
50 OPS 5.27 5.11 0.47 0.09 37.64 2.06 69.79 2.12
48 SPL 5.09 5.89 0.46 0.11 35.39 2.50 59.43 2.95
46 SPLn 4.73 5.42 9.28 1.57 39.78 2.36 76.70 3.46
46 LOP 4.93 4.57 6.44 1.33 40.39 2.10 98.27 2.51
44 LnOP 4.59 4.60 27.18 7.84 42.00 4.41 91.76 5.68
42 LnLP 4.43 3.78 48.86 18.13 36.71 13.38 73.38 23.84
48 LOS 5.11 5.72 7.45 0.87 43.86 2.99 85.70 4.63
46 OLnS 4.75 4.38 19.95 5.10 42.47 1.97 89.53 2.14
44 LnLS 4.59 4.00 45.35 14.32 38.65 11.15 78.57 20.52
42 LLnO 4.45 4.20 56.61 24.69 40.18 16.88 77.66 26.09

Sum 100.01 100.03 = [AC]+/([AB]+ + [BC]+)
aECN, equivalent carbon number = # carbon atoms in FA chains – (2 × # sites of unsaturation); Ln, 18:3, linolenic acid; L, 18:2, linoleic acid; O, 18:1, oleic
acid; S, 18:0, stearic acid; P, 16:0, palmitic acid. The statistical composition is the composition calculated based on the FA composition. The adjusted APCI-
MS composition is the composition determined by three replicate chromatographic runs, adjusted using response factors calculated from the FA composition
(35). SD2, simple standard deviation of the three numberic [AA]+/[AB] ratio values. For other abbreviations see Table 1.



equivalent points that would give a positive slope would be:
(x1, y1), (x2, y2) = (0% LLO, ([AA]+/[AB]+)ABA), (100% LLO,
([AA]+/[AB]+)AAB), or (0, 0.2289), (100, 0.7028). In terms of
the average end point data by Jakab et al. (42), this would be a
line having the equation: 

This equation can be written in a general form as:

[2]

One can solve Equations 1 and 2 for the following relation-
ships.

One may rearrange Equation 1 (and multiply by (−1)/(−1))
to solve for the % ABA as follows:

[3]

Similarly, one may rearrange Equation 2 to solve for the %
AAB as follows:

[4]

And these two percentages share the relationship that % LOL
+ % LLO (= LLO + OLL) = 100%.

Therefore, whenever one percentage is known, % ABA or
% AAB, the other may be known as % AAB (= % AAB + %
BAA) = 100 − % ABA or % ABA = 100 − % AAB, respec-
tively.

Equations 3 and 4 allow the direct calculation of the percent-
age composition of either one regiospecific isomer, % ABA, or
the sum of two isomers, % AAB (= % AAB + % BAA). Of
course, the ([AA]+/[AB]+) ratios of pure known standards of
each individual TAG must be determined for each TAG for
which quantification is sought. These ([AA]+/[AB]+) ratios of
pure known standards potentially can be tabulated. We have
compiled the ([AA]+/[AB]+) ratios of pure known standards be-
fore and have noted the references that allow the instrument type
and conditions under which these values were obtained to be de-
termined. If a researcher has a similar instrument and obtains
([AA]+/[AB]+) ratios of pure known standards on his or her in-
strument that are similar to those of the tabulated values, then
these results lend credibility to the possibility that tabulated val-
ues might be helpful in assessing the percentages of regioisomers
in a TAG mixture of unknown composition. The minimal ap-
proach to linear interpolation would require the analysis of two
pure regioisomeric standards, and then the ([AA]+/[AB]+)Obs
ratio of a mixture of unknown regioisomeric content might be
interpolated between the ([AA]+/[AB]+) ratios obtained for pure
isomers, and a quantitative estimate of the % ABA or % AAB
could be obtained with relative ease. 

For example, Table 1 shows the ratio of [PP]+/([PO]+,[OP]+),
which is more simply referred to as the [PP]+/[PO]+ ratios for
two commercially available regiospecific isomers, POP and
PPO. Four out of five authors using APCI-MS have reported low
values for the [PP]+/[PO]+ = [AA]+/[AB]+ ratio, in the range of
0.20 to 0.34 (8,10,40,43). Three of four of those authors reported
[AA]+/[AB]+ ratios between 0.87 and 0.95 for pure PPO, by
APCI-MS. The fourth example of POP/PPO data in Table 1 had
a higher [AA]+/[AB]+ ratio for POP (= 0.41) and a lower value
for PPO (= 0.79) (37). Our reports and those of many others have
been obtained on TSQ 700 and 7000 tandem triple-stage quadru-
pole instruments. The data by Fauconnot et al. (40) included in
Table 1 were obtained on a tandem sector quadrupole instrument
with a Z-spray interface. Unlike collision-induced dissociation
(CID), which exhibits differences between TSQ and ion-trap MS
(ITMS) instruments in fragment ions formed, full-scan APCI-
MS mass spectra on a TSQ instrument can appear nearly identi-
cal to an APCI-MS mass spectrum obtained on an ITMS instru-
ment. The reason for this is that fragmentation occurs in the ion-
ization source, so the [DAG]+ fragment ions are formed before
they reach the first or subsequent mass analyzers, whether
quadrupole or ion trap. In fact, the APCI ionization heads on the
TSQ 700 and LCQ Deca instruments in our laboratory are nearly
identical and have interchangeable parts but are not themselves
interchangeable between instruments. This is in contrast to CID,
which exhibits different ratios of fragment ions in TSQ vs. ITMS
instruments. Hsu and Turk (44) reviewed the mechanisms of
fragmentation of phospholipids and TAG by ESI-MS/MS in
their recent book chapter.

The equations above, which are based on only two pure re-
gioisomers, must be compared with the more accurate line
described by the full set of standards analyzed by Jakab et al. (42).
The equation for the best-fit line given in Figure 1 is y = 0.4906 ·
x + 69.83, but the y axis gives [AA]+/[AB]+ as a percentage. The
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FIG. 1. Ratio of the [LL]+ and [LO]+ fragment ions (%) in mixtures of
LOL and LLO at various percentages (calibration curve). L, linoleic acid;
O, oleic acid. From A. Jakab, I. Jablonkai, and E. Forgacs, Rapid Com-
mun. Mass Spectrom. 17, 2295–2302 (2003). Copyright John Wiley &
Sons Ltd. Reprinted with permission.



equation of the line for the [AA]+/[AB]+ as a pure ratio (not a per-
centage) would therefore be:

The best-fit line gives an ([AA]+/[AB]+) ratio of 0.6983 for 0%
LOL and 0.2077 for 100% LOL. 

These best-fit values for the pure positional isomers can be
inserted into Equation 3 to give the following equation:

This can be used to calculate the % LOL from the
([AA]+/[AB]+)Obs ratio for a mixture. For instance, a hypothet-
ical [AA]+/[AB]+ ratio of 0.5348 would give a calculated %
LOL of 33.33%. This is the [AA]+/[AB]+ ratio that would be
expected from a statistically randomly distributed combination
of two FA, L and O, onto the three possible positions of the
glycerol backbone of a TAG, on the instrument and under the
conditions reported by Jakab et al. (42). Thus, nonstatistical in-
fluences on the abundances of the [DAG]+ fragments formed
shift the [AA]+/[AB]+ ratio from the statistically expected
value of 0.5 to a hypothetical [AA]+/[AB]+ ratio of 0.5348, cal-
culated from the best-fit line using 11 standard solutions.

For comparison, the equation based only on the average val-
ues of the two pure standards, given in the form of Equation 3
above, is: 

This equation gives a calculated % LOL of 35.45% from the
same ([AA]+/[AB]+)Obs ratio of 0.5438. Although this is not
identical to the 33.33% obtained from the best-fit line made from
11 standards, it is a good approximation of the more accurate
value and can be obtained with only two authentic standards, in-
stead of a large number of mixtures containing various composi-
tions. Certainly in the range 0 to 100%, narrowing the composi-
tion down to 35.45% LOL would represent a good approxima-
tion of 33.33%, but with much less data required. Of course, if
greater accuracy is required for a particular application, more
standards can be analyzed, and the same equations can be used
with the slope and intercept calculated from the best-fit line.

The above equations allow one to quantify the relative
amounts of positional isomers in a mixture. It is expected that
the [AA]+/[AB]+ ratios of a greater variety of regiospecific iso-
mers will be reported and compared, and this method will be
applied to a greater variety of TAG mixtures. These equations
also demonstrate the utility of the [AA]+/[AB]+ ratio for deter-
mination of the regiospecific composition of a TAG mixture.
This ratio allows one to move from qualitative analysis of TAG
to a more quantitative approximation of the composition of
TAG regioisomers.

Even more recently, another article appeared that describes
the linear relationship between the abundances of [AA]+ and
[AB]+ fragments and the compositions of known standard mix-
tures of TAG regioisomers. Fauconnot et al. (40) reported cali-
bration curves for regioisomers of seven pairs of Type II TAG
standards. The authors showed the growing importance of the
[AA]+/[AB]+ ratio in their statement: “Identification of the
major regioisomers of an AAB/ABA pair of TGs was shown
to be enabled by comparing the ratios of abundances of
c(AA+)/c(AB+) with the statistically expected value of 0.5.” 

In their calibration curves, though, they plotted what they
called the regioisomeric purity, rAA, which they defined as:

This equation can be shown to be equivalent to 

It is much more convenient and useful to use the ratio
[AA]+/[AB]+ directly. This is a simpler ratio, which can be used
directly with Equations 3 and 4 to calculate the relative per-
centages of the regioisomers. This is also the approach used by
Jakab et al. (42). Nevertheless, the data by Fauconnot et al. (40)
also demonstrated the linear relationship between the
[AA]+/[AB]+ ratio and the percent composition of the regioiso-
mers. 

CONSTRUCTION OF THE CRITICAL RATIOS

Construction and use of the [AA]+/[AB]+ ratio for a Type II
TAG. If the APCI-MS or ESI-MS mass spectrum of a Type II
TAG exhibits a ratio of ion abundances other than 0.50, then it is
due to nonstatistical influences. Several of the nonstatistical in-
fluences already have been mentioned, but another nonstatistical
influence that has been observed deserves further discussion.
Laakso and Voutilainen (8), Manninen and Laakso (37), and
Laakso (36) reported results for the effect of unsaturation on
the abundances of [DAG]+ fragment ions and showed that
O(n-3)LnO behaved much like a normal, less unsaturated TAG,
by exhibiting a low [AA]+/[AB]+ ratio of 0.17 (Table 1), owing
primarily to the well-reported effect of being the [DAG]+ frag-
ment formed by loss of the sn-2 chain. Conversely, they showed
that when the double bonds were closer to the carbonyl end of
the chain, i.e., n-6 vs. n-3, a much greater amount of the [sn-1,3-
AA]+ fragment was formed, which led to a larger [AA]+/[AB]+

ratio, which had a larger value than the 0.5 that was statistically
expected. The authors attributed the difference in the n-6 polyun-
saturated TAG to the fact that the proximity of the double bonds
to the carbonyl end of the chain helped make the PUFA a better
leaving group. This made the polyunsaturated group, even in the
sn-2 position, easily lost. This was reflected in the higher
[AA]+/[AB]+ ratio for all of the n-6 FA, which, for the ABA iso-
mer, was higher than statistically expected, and which, for the
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AAB/BAA isomers, was higher than 1. Thus, more information
could potentially be derived from the [AA]+/[AB]+ ratio. 

The only reported [AA]+/[AB]+ ratio greater than 1 for a
pure synthetic [sn-1,3-AA]+ isomer was for sn-1,3-PAP (di-
palmitoyl, arachidonyl TAG, 16:0, 20:4, 16:0) by Fauconnot et
al. (40), seen in Table 1. The authors used an instrument with a
Z-spray interface, whereas most other reports were based on
data from ThermoFinnigan TSQ or LCQ instruments. Several
values obtained on this instrument and shown in Table 1 were
higher than the values obtained by other instruments, and many
were much higher than the statistically expected value of 0.5.
A notable exception was the TAG regioisomer pair APA/AAP.
These both gave a virtually nonexistent [AA]+ ion, the di-
arachidonyl [DAG]+ fragment, apparently because the arachi-
donic chain is lost so easily that two of them cannot both re-
main attached. Arachidonic acid is an n-6 FA, like the (n-6)Ln
in the OLnO/OOLn pair that Laakso and Voutilainen (8) and
Manninen and Laakso (37) reported. The proposition that n-6
arachidonic acid is more easily lost would also explain why the
[AA]+/[AB]+ ratios of the PAP/PPA isomer standards were
much higher than statistically expected. If the arachidonic
chain is lost easily from the TAG PAP because it is an n-6 FA,
this would explain why a higher than expected abundance of
the [PP]+, dipalmitoyl DAG fragment ion, was observed. This
again demonstrates that the [AA]+/[AB]+ Critical Ratio can be
used to correlate observations in mass spectra with structural
characteristics.

Another benefit to constructing the [AA]+/[AB]+ ratio is that
two abundances, [AA]+ and [AB]+, which are two separate
numbers, can now be represented by only one number, the nu-
meric ratio [AA]+/[AB]+. It will be demonstrated that, using
the [AA]+/[AB]+ Critical Ratio, both abundances can be accu-
rately reconstructed from this one number when classified cor-
rectly. This means that the same amount of information can be
conveyed in less space, one number instead of two. When this
number and one other number are processed through the Bot-
tom-Up Solution (BUS), the complete mass spectrum of a Type
II TAG can be reproduced and would exhibit two [DAG]+ frag-
ment ion abundances, [AA]+ and [AB]+, and a protonated mol-
ecule abundance, for three abundances. These three ions con-
stitute all of the primary peaks that provide the M.W. and DAG
fragment structural information. The [AA]+/[AB]+ ratio can be
used to store two of the three numbers for that mass spectrum
as one ratio. Then a second ratio is used to provide the third
value, and the relationship between the third value and the first
two. The second ratio is the [MH]+/Σ[DAG]+ ratio, which pro-
vides information for the value of [M + H]+ and its relationship
to [AA]+ and [AB]+. This ratio will be discussed shortly.
Masses for each of these ions are specified by the m/z value
from which came each peak area integrated over time. The
known masses are compared with tabulated values, and all pos-
sible identities for each mass are known, including isobaric
species. Chromatographic information is used with the mass
information to identify and differentiate isobaric species
(7,34,35). 

The [AA]+/[AB]+ ratio as provided at face value can be used

in Equations 3 and 4 to provide direct information regarding
the percent compositions of regioisomers, compared with stan-
dard solutions. This Critical Ratio, along with one other num-
ber (the [MH]+/Σ[DAG]+ ratio), can be used with the BUS to
accurately reproduce the exact three abundances that represent
the mass spectrum. These characteristics of the BUS—of sav-
ing space and providing more information in fewer values—
will be seen with the other Critical Ratios as well. All Critical
Ratios provide more information than the raw abundances, but
the raw abundances can be reconstructed at will by processing
them through the BUS.

Construction of the [MH]+/Σ[DAG]+ ratio for all TAG.
During the preparation of a recent review (45), Byrdwell
sought quantifiable numerical values that could be related to
observed mass spectrometric fragmentation characteristics.
Some empirically determined Critical Ratios were sought that
could be used to describe, in a more quantitative way, the char-
acteristics that were ascribed to APCI-MS mass spectra in that
chapter. Among the fragmentation characteristics was the de-
pendence of the abundance of the protonated molecule, [M +
H]+ or [MH]+, on the amount of unsaturation in the TAG FA.
TAG containing numerous sites of unsaturation have a proton-
ated molecule, [M + H]+ as the base peak, whereas TAG with
fewer sites of unsaturation give a [DAG]+ fragment as the base
peak. Saturated TAG give a [DAG]+ fragment as the base peak,
with no or practically no [M + H]+ abundance. This depen-
dence of [M + H]+ abundance on the amount of unsaturation
often has been noted and was observed in our first report on the
HPLC/APCI-MS analysis of TAG (6). Since that first report,
we have sought ways to describe this undefined relationship in
a qualitative or quantitative way. In 1997 (34), the relationship
between the ratio of the abundance of the [M + H]+ ion of a
TAG to the sum of all ions, [M + H]+ plus [DAG]+, was mod-
eled as using:

An equation was shown, referred to as the TAG quotient 1/3
power fit, that was an approximate representation of the curve
described when this ratio was plotted vs. the number of sites of
unsaturation in the TAG. This ratio has now been calculated to
equal the following:

It is simpler, and is preferred, to use the [MH]+/Σ[DAG]+ ratio
instead of the inverse of its inverse. 

The ratio of the TAG protonated molecule, [TAG + H]+, [M
+ H]+, or [MH]+, to Σ[DAG]+ is referred to in the BUS as the
[MH]+/Σ[DAG]+ ratio. 

One important aspect of the relationship between the [M +
H]+ ion and the sum of the [DAG]+ fragment ions is that they
are inverses: When one goes up, the other goes down. This
dependence is not linear, but it is inverse in some way. Since
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one value goes up and one goes down, the ratio of these two
values highlights, or accentuates, the dependence of [M + H]+

on the degree of unsaturation. This ratio will show more
movement in its numeric value than the abundance alone as
the number of sites of unsaturation changes, since the ratio
contains two abundances that have an inverse relationship.
Therefore, the dependence of the abundance of the proton-
ated molecule, [M + H]+, on the degree of unsaturation is best
reflected in the ratio of the protonated molecule, [MH]+, to
the sum of the DAG fragment ion abundances, Σ[DAG]+, to
give [MH]+/Σ[DAG]+. This ratio can be used as a Critical
Ratio to provide information regarding the number of sites of
unsaturation in the molecule, which determines whether the
[M + H]+ or a [DAG]+ is the base peak. TAG containing nu-
merous sites of unsaturation have an [MH]+/Σ[DAG]+ larger
than 1, and thus have a [M + H]+ base peak. TAG with few
sites of unsaturation have a low [MH]+/Σ[DAG]+ ratio, and a
[DAG]+ base peak. Saturated TAG are expected to have an
[MH]+/Σ[DAG]+ ratio of zero, because they often give no [M
+ H]+ ion. 

An important aspect of the BUS construct is that the Criti-
cal Ratios are chosen, or constructed, based on observations in
APCI-MS mass spectra, and keep them from going to cata-
strophic values. It has been observed that the [M + H]+ ion can
be zero for saturated TAG, so if this number were alone in the
denominator of a ratio, then the ratio would take a value of 1/0
for saturated TAG and would become unsolvable. Since it is
known that the [M + H]+ ion goes to zero for some TAG, but
that Σ[DAG]+ never goes to zero, one can choose to calculate
the [MH]+/Σ[DAG]+ ratio instead of the Σ[DAG]+/[MH]+ ratio,
so that the number that can go to zero is in the numerator. Thus,
judicious selection of the ratio that is constructed can keep the
system completely bounded in all observed circumstances. The
[MH]+/Σ[DAG]+ ratio can be classified into one of two cases:
[MH]+/Σ[DAG]+ ≤ 1, or [MH]+/Σ[DAG]+ > 1. The case when
[MH]+/Σ[DAG]+ = 0 is a subset of the case when
[MH]+/Σ[DAG]+ ≤ 1, so a special case for [M + H]+ = 0 is not
required. Therefore, selecting the [MH]+/Σ[DAG]+ ratio as the
Critical Ratio to represent the abundance of the [M + H]+ ion
and its relationship to the [DAG]+ fragment ions is the better
choice, because it leads to a simpler construct, which requires
only two cases and remains bounded in all observed circum-
stances. In all instances, the Critical Ratios, which are the pri-
mary elements in the BUS construct, have been chosen to be as
simple as possible and yet still convey more information in
fewer variables than the raw mass spectrum. 

There is another consideration and guiding principle that is
inherent in the BUS. Since the BUS is a construct based on data
from MS, it inherently incorporates and reflects the two impor-
tant rules for data from MS: (i) All relative abundances are lim-
ited to a maximum individual value of 100%, and (ii) one ion
abundance must be 100%. Since the tallest peak in a mass spec-
trum is normalized to 100%, one peak always represents 100%.
The BUS ensures that all calculated values are less than or
equal to 100%, since this is the limit imposed by MS. And the
BUS determines which peak is the tallest and establishes it as

100%. Of course, 100 percent (one hundred per hundred) as a
pure ratio is 1.00. The Critical Limits within the BUS are what
keep all values limited to being within the two rules imposed
by MS. The value of 1.00 for several of the ratios also has other
inherent meanings that provide structural information regard-
ing the TAG (for instance, if [AA]+/[AB]+ > 1 for a Type II
TAG, this provides structural information regarding the iden-
tity of the regioisomers). 

For a Type II TAG, only the first two Critical Ratios men-
tioned earlier are necessary to specify the appearance of the
mass spectrum. The [AA]+/[AB]+ ratio is used at face value in
Equations 3 and 4 to provide information on the composition
of the regioisomers of the TAG. The other Critical Ratio,
[MH]+/Σ[DAG]+, may be used to provide insight into the de-
gree of unsaturation in the TAG. These two numbers, the two
Critical Ratios for a Type II TAG, provide more information in
fewer values than the three raw abundances that constitute the
raw mass spectrum. The mass spectrum of a Type III TAG con-
tains four primary peaks and so requires three critical ratios.
However, the [MH]+/Σ[DAG]+ ratio provides the same kind of
information about a Type III TAG as it does for a Type II TAG.
The [MH]+/Σ[DAG]+ ratio provides information to correlate
the total amount of unsaturation in the three FA to the abun-
dance of the protonated molecule. For a Type I TAG, the mass
spectrum contains only two peaks, which are the [M + H]+ peak
and one single [DAG]+ fragment ion. For a Type I TAG, the
BUS requires only the [MH]+/Σ[DAG]+ ratio to reproduce the
mass spectrum, and it also provides information regarding the
number of sites of unsaturation in the TAG molecular species.
This critical ratio provides information regarding the abun-
dance of the [M + H]+ ion, when properly classified, and also
provides information to relate the abundance of this ion to the
[DAG]+. So with the [MH]+/Σ[DAG]+ ratio, as with the
[AA]+/[AB]+ ratio already discussed, more information is pro-
vided in this Critical Ratio than in the raw abundances. The
proper selection of the complete set of Critical Ratios for Types
I, II, and III TAG, of which the first Critical Ratio is the
[MH]+/Σ[DAG]+ ratio, allows the BUS to be completely self-
contained and to operate within the rules imposed by MS in all
observed circumstances. 

Construction of the [AC]+/([AB]+ + [BC]+) ratio for a Type
III TAG. A Type III TAG has three different FA, ABC, and these
produce three possible [DAG]+ fragment ions, [AB]+, [BC]+,
and [AC]+. These fragment ions may contain A, B, and C in any
combination of sn-1, sn-2, and sn-3 positions, and in a random-
ized mixture, these are observed to be statistically distributed
throughout all positions (7). Statistically speaking, the abun-
dances of all three ions, [AB]+, [BC]+, and [AC]+, should be
identical in the absence of nonstatistical influences. However,
fragment ions are not observed with equal abundance in APCI-
MS or ESI-MS/MS mass spectra. It has been observed (10,11)
that the abundance of the ion formed from loss of the FA in the
sn-2 position, which gives the [sn-1,3-AC]+ fragment, is the
lowest of the three possible [DAG]+ fragment ions. With this
rule, all Type III TAG could be categorized, and the identities of
the FA in the sn-2 position known. All four possibilities for the
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A and C FA with B still remain: [sn-1,2-AB]+ and [sn-2,3-BC]+

or [sn-1,2-CB]+ and [sn-2,3-BA]+. But the [sn-1,3-AC]+ isomer
can be identified as the ion with the lowest abundance, so a
piece of structural information may be known from the ion hav-
ing the lowest abundance. 

For simplicity, the isobaric [sn-1,3-AC]+ or [sn-1,3-CA]+

regioisomers are usually referred to more briefly as [sn-1,3-
AC]+, with the understanding that APCI-MS cannot distinguish
between the [sn-1,3-AC]+ and [sn-1,3-CA]+ isomers, and so
both possibilities are always implied herein. By putting the [sn-
1,3-AC]+ abundance alone in the numerator of the second Crit-
ical Ratio of the Type III TAG (the [MH]+/Σ[DAG]+ ratio is
the first Critical Ratio for all TAG), the second Critical Ratio
can be used to reflect the trend in the [sn-1,3-AC]+ abundance
with regioisomeric structure. This is analogous to the way the
[AA]+/[AB]+ ratio is used to provide structural information for
a Type II TAG, except the means for quantitative analysis of
the regioisomers of Type III TAG have not yet been developed
as thoroughly as the quantification of Type II TAG has (see
Jakab et al. (42) and Eqs. 3 and 4).

Thus, the Critical Ratio [AC]+/([AB]+ + [BC]+) for a Type
III TAG first provides a piece of information, which is the iden-
tity of the [sn-1,3-AC]+ isomer, and then allows the abundance
of the [sn-1,3-AC]+ isomer to be calculated, when properly
classified by the Critical Limits. This Critical Ratio also con-
tains information to relate the [AC]+ ion abundance to the two
other ions that make up the mass spectrum.

In a complex mixture of TAG, the complete identification
of all TAG molecular species requires the chromatographic in-
formation provided by the on-line separation, in addition to the
masses provided by APCI-MS, to differentiate the many iso-
baric molecular species having overlapping masses, such as
[OO]+ and [SL]+, [OL]+ and [SLn]+, etc. [OO]+ and [SL]+ are
separated by a good chromatographic method (35), and so
these can be differentiated and the characteristic Critical Ratios
for each TAG molecular species can be constructed. 

For a Type III TAG, if all FA in a TAG were distributed sta-
tistically and there was no influence by different levels of un-
saturation or preferential loss, then the [AC]+, [AB]+, and
[BC]+ fragment abundances should all be equal, and the
[AC]+/([AB]+ + [BC]+) ratio would be 0.5. An [AC]+/([AB]+ +
[BC]+) ratio other than 0.5 indicates that nonstatistical influ-
ences are affecting the abundances. An [AC]+/([AB]+ + [BC]+)
ratio greater than 1 would certainly indicate a preference for
[AC]+. According to literature precedent, one should be able to
identify the [sn-1,3-AC]+ fragment as the fragment with the
lowest [AC]+/([AB]+ + [BC]+) ratio, and thus have a substan-
tial piece of information regarding the TAG, which came from
just this one Critical Ratio. Thus, one should choose to con-
struct the [AC]+/([AB]+ + [BC]+) ratio using the smallest abun-
dance in the numerator, since this has been correlated (10,11)
with being the [sn-1,3-AC]+ isomer. 

Throughout this work, the identities of A, B, and C are irre-
spective of mass but reflect only the regioisomeric position of
the FA on the backbone. This is analogous to the Type II TAG,
in which, for OPO, the FA represented by A, out of ABA, has

a larger mass than the FA in the B position. On the other hand,
in POP, the A FA has a mass that is lower than the FA in the B
position. ABC refers to the regioisomeric positions of FA,
when properly assigned, whereas the identities of the [DAG]+

are characterized first by mass, then by their chromatographic
elution at that mass, and then by comparison with tabulated
masses (11). With this approach, the A and C can be identified
and labeled specifically, and the FA in the sn-2 position can be
identified.

With the FA in the sn-2 position known, the identities of the
FA in the sn-1 and sn-3 positions are known to constitute the
isobaric [DAG]+ fragment possibilities, [sn-1,2-AB]+ and [sn-
2,3-BC]+, or [sn-1,2-BA]+ and [sn-2,3-CB]+. No definitive
trend has yet been reported to distinguish between [sn-1,2-
AB]+ and [sn-2,3-BA]+ or between [sn-2,3-BC]+ and [sn-1,2-
CB]+. It is reasonable to expect that, after the [AC]+/([AB]+ +
[BC]+) ratios of a sufficient number of Type III TAG have been
tabulated, trends in this ratio will be observable and will be cor-
related with the regioisomeric structures of the TAG. 

The literature precedent for APCI-MS analysis of Type III
TAG is currently based on a limited number of observations
(10,11). Because of this, the ability to use the [AC]+/([AB]+ +
[BC]+) ratio for identification of regioisomers in complex mix-
tures of TAG has not yet been developed. Also, not all nonsta-
tistical influences have been characterized. The influence of the
number of double bonds and their positions in the fatty chain
(n-6 vs. n-3) has already been discussed herein in detail for a
Type II TAG, and so it is reasonable to expect that similar
trends, relating increased levels of polyunsaturation to in-
creased abundances of ions containing the FA with more dou-
ble bonds, will be observed for Type III TAG. Furthermore, the
positions of the double bonds were shown to have an influence
on Type II TAG, as discussed herein, so the positions of the
double bonds in the FA of Type III TAG could also be expected
to exert an influence on the abundances of ions observed in
APCI-MS mass spectra. If the [AC]+/([AB]+ + [BC]+) ratios of
numerous Type III TAG from different mixtures of TAG hav-
ing known compositions of regioisomers are accumulated and
tabulated (as is done with Type II TAG), it may be possible to
move toward a more quantitative interpretation of this Critical
Ratio. For now, some expected and probably some unexpected
nonstatistical influences remain to be characterized. Regardless
of how specifically information from this Critical Ratio can be
derived at this time, it is clear that the [AC]+/([AB]+ + [BC]+)
ratio as a single number already provides more information
than the raw abundance alone. The [AC]+ abundance must be
compared with the other abundances to know whether it is the
smallest and whether it is therefore the [sn-1-AC]+. The abun-
dance does not provide the desired information if used by it-
self. It provides the desired information regarding the regiospe-
cific identity of the ion exhibiting that abundance only if it is
taken as a ratio to the other ions. As with the other Critical Ra-
tios, the numerator provides the abundance of one ion directly,
when classified correctly in the BUS, and the ratio provides in-
formation to relate this ion to the other ions. 

So while it remains to be further characterized, this Critical
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Ratio as a single numeric value for a Type III TAG provides not
only the same, but more information, when used with the BUS,
than the original raw abundance of [AC]+ as a single number.

Construction of the [BC]+/[AB]+ ratio. No distinctive pref-
erence for the [sn-1,2-AB]+ position compared with the [sn-
2,3-BC]+ position has been reported using APCI-MS data.
There appears to be minimal difference energetically, in an
APCI source, between loss of the FA in the sn-1 position and
loss of the FA in the sn-3 position. Nevertheless, if there is any
sn-1,2 vs. sn-2,3 preference, this would be reflected in the ratio
[BC]+/[AB]+, if [BC]+ is the abundance of the sn-2,3 isomer
and [AB]+ is the abundance of the sn-1,2 isomer, regardless of
mass. The ratio [BC]+/[AB]+ would constitute the Critical
Ratio necessary to specify any [sn-1,2-AB]+ vs. [sn-2,3-BC]+

preference (or vice versa). Based on previous reports, at this
time no observed trends that correlate regioisomeric structures
of Type III TAG with different amounts of unsaturation in the
[sn-1,2-AB]+ vs. [sn-2,3-BC]+ FA can be cited. However, sev-
eral expected trends can be discussed. 

Just as was observed with Types I and II TAG, the amount
of unsaturation in the FA should have an influence on the abun-
dances of the [DAG]+ fragment ions that contain the FA. Since
there appears to be minimal influence due to the regioisomeric
position of the FA in the TAG at the sn-1,2 vs. sn-2,3 positions,
the degree of unsaturation in the fragment [AB]+, compared
with the unsaturation in [BC]+, may exhibit a greater influence
on the [BC]+/[AB]+ ratio than the unreported influence due to
the regioisomeric identity. Of course, the locations and number
of the double bonds were of primary importance in determin-
ing the effect of the double bonds on the ion abundances for
Type II TAG and therefore should be expected to exert a simi-
lar influence on Type III TAG that contain PUFA. 

Although the amount of information that can be derived
from the [BC]+/[AB]+ ratio is currently limited, it does provide
one piece of information at face value. This information is
found by comparing the [BC]+/[AB]+ ratio to its inherent Criti-
cal Value of 1. If the [BC]+/[AB]+ ratio is greater than 1, the
[BC]+ ion is larger than [AB]+ ion, but if this third Critical
Ratio for a Type III TAG is less than 1, [AB]+ is larger than
[BC]+. It can be seen that this third Critical Ratio for a Type III
TAG can be used with the BUS, which incorporates the rules
of MS, to provide the two numerical values that are the raw
abundances of the [BC]+ and [AB]+ fragment ions from the one
numerical value. Thus, this Critical Ratio provides the same in-
formation (two abundances) in less space (one number instead
of two) than the raw abundances. Whether more information
can be derived from this ratio will be determined by future re-
ports.

Summary of the construction of the Critical Ratios. The
Critical Ratios just described can be constructed and directly
interpreted at face value to provide information regarding
structural trends. These ratios provide a method for visualizing
trends that is more direct than using the raw abundances alone.
The trends are not as apparent in the raw data as they are in the
Critical Ratios. Therefore, is it useful to construct these Criti-
cal Ratios as an aid to qualitative analysis of TAG. 

Not only do these Critical Ratios highlight structural trends,
but also they constitute a reduced data set from which the mass
spectrum of any TAG can be reconstructed in its entirety. The
Critical Ratios can be used with inherent Critical Values and
calculated Critical Limits to classify all TAG into Cases. The
Case into which a TAG is classified provides all of the equa-
tions necessary to calculate the abundances of every ion in the
mass spectrum as well as the sum of all ions. This report will
present the basic equations that encompass every structural
possibility within the TAG Lipidome. The solution to the Tri-
acylglycerol Lipidome comes in the form of the Critical Ratios
operated into the BUS, to accomplish the classification of the
TAG into the proper Cases, based on the Critical Values and
Critical Limits. The ratios are applied with an interpretation
matrix that provides structural information from the Critical
Ratios as they operate through the Critical Values and Critical
Limits. Once a TAG is properly classified by its Critical Ra-
tios, the Case indicates the correct equations to use for the so-
lution of all ion abundances. This combination of Critical Ra-
tios with Critical Values and Critical Limits used to define the
Cases, along with the interpretation matrix and the equations
for each Case constitutes the BUS to the TAG Lipidome. This
solution allows the primary ions in the mass spectrum of any
TAG to be reproduced, and the Critical Ratios can be used for
a quantitative description for the set of structural possibilities
exhibited by the TAG. 

Method for quantitative analysis based on ion abundances
determined by APCI-MS. During the routine processing of
data from LC/APCI-MS using the quantitative method of
Byrdwell et al. (7,34,35), the area under every peak is inte-
grated in every extracted ion chromatogram (EIC) of each m/z
value for every [DAG]+ fragment ion and protonated mole-
cule, [M + H]+. The peaks that gave the areas of [DAG]+ frag-
ment ions and protonated molecules, [M + H]+, that come
from a particular TAG must elute at the same specific reten-
tion time, since they come from the same TAG. Therefore, the
areas under the fragment ion and protonated molecule chro-
matographic peaks constitute an average mass spectrum
across the retention time window used for integration. The
average mass spectrum is calculated as the normalized per-
cent composition of the areas of the fragment ions and the
protonated molecule across the integrated chromatographic
retention time window for a particular TAG. Small differ-
ences in retention times at the beginning and end of the frag-
ment peaks have no substantial impact on the integrated area
of each peak. The integrated areas provide a good representa-
tion of the mass spectrum averaged across a chromatographic
peak. Typical ion chromatograms that are integrated to give
peak areas are shown and discussed in the subsequent section
entitled Implementation of the BUS. All solutions provided
herein work equally well on an average mass spectrum that is
produced from integrated peak areas or from manual qualita-
tive analysis, or from a single mass spectrum manually ac-
quired. Of course, there is some variability in abundances be-
tween single replicate mass spectra, and this variability is
greater for TAG present at low levels. Whichever abundances
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are used to produce the Critical Ratios, the mass spectrum
from which they come is exactly reproduced by the BUS.

As mentioned, the first Critical Ratio is the ratio of the per-
cent abundance of the protonated molecule as a ratio to the sum
of all [DAG]+ fragment ions:

[5]

Table 2 lists the Critical Ratios for a 35-TAG mixture of syn-
thetic TAG. The critical ratios are listed as a percentage simply
for the most convenient display of four (or five) significant fig-
ures, with up to two decimal places. This is the same method
of representation that Jakab et al. (42) used in their analysis of
the [AA]+/[AB]+ ratio for characterization of mixtures of
LOL/LLO. It is important to realize that the Critical Ratios as
percentages must be converted to pure ratios (fractions), by di-
viding by 100, before they are used in the equations below.
Throughout the following discussion, all ratios are expressed
in pure fraction form, not percentage form. As a fraction, 100%
equals 1.00, so 1.00 is the upper limit in the equations below.
In the spreadsheet formulas used for the automated implemen-
tation of the BUS, the division of the ratio by 100 is incorpo-
rated into the formulas.

As already discussed, the first Critical Ratio can be used to
define the overall unsaturation of a molecule. It is well known
that saturated TAG have a [MH]+/Σ[DAG]+ ratio that is either
very low or zero. The polyunsaturated TAG have large values
of the [MH]+/Σ[DAG]+ ratio. The [MH]+/Σ[DAG]+ ratio for
OOO is a very low value of 0.0324, and so for this Type I TAG
(a mono-acid TAG), a [DAG]+ is the base peak, and the pro-
tonated molecule abundance is simply the [MH]+/Σ[DAG]+

ratio, expressed as a percentage, 3.24%. For LLL and LnLnLn,
the large [MH]+/Σ[DAG]+ ratio indicates that [M + H]+ is the
base peak, and the [DAG]+ abundance is easily calculated from
the inverse of the [MH]+/Σ[DAG]+ ratio.

The second Critical Ratio depends on whether the molecule
is a Type II or Type III TAG. For a Type II TAG, the second
Critical Ratio is [AA]+/[AB]+. For a Type III TAG, the second
Critical Ratio is ([AC]+/([AB]+ + [BC]+)):

[6a]

[6b]

This second Critical Ratio has an obvious relationship to the
positional preference of a TAG. It is expected that the
([AA]+/[AB]+) ratio should always be less than 1, unless there
is a strong [AA]+ positional preference. Likewise, the ratio
([AC]+/([AB]+ + [BC]+)) should be less than 1 unless there is a
strong [AC]+ positional preference. But the degree of unsatura-
tion in the [AB]+ or [AC]+ fragment also has an effect on this
ratio. Deconstruction of the second Critical Ratio of an ABC
TAG into the two components of positional preference and de-

gree of unsaturation remains to be accomplished. For now, this
ratio can simply be compared to positional isomer standards.

The third Critical Ratio is only observed from Type III TAG.
It is the ratio of [BC]+/[AB]+, or the ratio of the sn-2,3 [DAG]+

to the sn-1,2 [DAG]+. For now, it is assumed that there is no
particular preference between these two, but evidence at a fu-
ture date may allow quantification of a preference for the
sn-1,2 [DAG]+ peak over the sn-2,3 [DAG]+ peak or vice
versa. All else being equal, a [BC]+/[AB]+ of ≤1 is used herein
as the default assumption (assume [AB]+ ≥ [BC]+). The reason
for this is discussed shortly. In the absence of any preference or
assumption, the [BC]+/[AB]+ ratio may be less than one or
greater than 1 with equal statistical probability, thereby giving
an equal probability of Case 5 or Case 6. 

THE BUS

The BUS for a Type I TAG. Now that the critical ratios have
been defined, it is useful to examine the visualization approach
that led to the definition of the Cases. Figure 2 shows the ap-
pearance of idealized APCI-MS mass spectra of TAG. The
axes in these figures have a maximum value of 1, representing
100% as a pure ratio. AAA TAG are shown first in this figure. 

Since an AAA TAG has only one [DAG]+ and the [M + H]+,
it is obvious that the Critical Value that determines which peak
is the base peak occurs when both [AA]+ and [MH]+ have their
maximal values, and [MH]+/Σ[DAG]+ is equal to 1. The Criti-
cal Value for an AAA TAG is depicted in the upper right panel
of Figure 2, Part I. From this Critical Value of [MH]+/Σ[DAG]+

= 1, if the [MH]+ were to diminish by the least amount, the
[MH]+/Σ[DAG]+ ratio would be less than 1 and [AA]+ would
be the base peak. This is referred to as Case 1, and the solution
would use the equation shown in Scheme 1, Part I, for Case 1. 

On the other hand, if the [DAG]+ were to diminish by the
least amount, then the [MH]+/Σ[DAG]+ ratio would be larger
than 1 and [M + H]+ would be the base peak. This is referred
to as Case 2, and the solution would use the equation listed in
Scheme 1, Part I, for Case 2. No other Critical Limit is neces-
sary to specify the Case for a Type I TAG. Once the case has
been specified, the actual percentages of [M + H]+ and the
[AA]+ abundances are given by the equations in Scheme 1, Part
I, for either the Case 1 solution [AA]+ base peak) or the Case 2
solution [M + H]+ base peak). The value of 1 serves as a Criti-
cal Value for all Types I, II, and III TAG. If the
[MH]+/Σ[DAG]+ ratio is greater than 1 for any TAG, this auto-
matically means that [M + H ]+ is the base peak and specifies a
Case 2 solution. More generally, if any Critical Ratio has a
value greater than 1, the numerator is automatically the largest
peak of the peaks used to construct the ratio.

Using a Type I TAG as an example, the pattern in the equa-
tions in the BUS can now be described. The sum of all ions can
be referred to as the Σ(I+) for any TAG. For a Type I TAG, the
sum of all ions, Σ(I+), is simply equal to the sum of the proton-
ated molecule ion and the single [DAG]+ fragment ion,
Σ([MH]+ + [DAG]+). Thus, Σ(I+) = Σ([MH]+ + [DAG]+).
Similarly, the sum of all ions for any TAG is equal to the sum
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of the protonated molecule plus the sum of the [DAG]+ frag-
ment ions: Σ(I+) = Σ([MH]+ + Σ[DAG]+). The BUS for a Type
I TAG shows that if the [MH]+/Σ[DAG]+ ratio is less than the
Critical Value of 1, then the solution obeys Case 1. According
to Case 1, the [DAG]+ fragment is the base peak and has an
abundance of 100% (= 1.00 as a pure ratio). In such a case, the
sum of the ions Σ(I+) is (1 + ([MH]+/Σ[DAG]+)). For instance,
OOO has an [MH]+/Σ[DAG]+ ratio of 0.0324. This ratio is less
than 1, so OOO is solved using Case 1. 

Classifying this TAG as a Case 1 TAG first provides a piece
of information, which is that the [DAG]+ fragment is the base
peak, and then it provides the equation to use to calculate the
abundance of the [M + H]+ ion. The percent abundance of the

[M + H]+ ion is given by ([MH]+/Σ[DAG]+) × 100, as shown
in Scheme 1 Part I, or (0.0324 × 100) = 3.24%. Then the sum
of all ions is Σ(I+) = Σ([DAG]+ + [MH]+) = 100% + 3.24% =
103.24%, which is 1.0324 as a pure ratio. Thus, for this Case 1
TAG, the following equivalences are true:

On the other hand, a TAG such as LLL has an [MH]+/Σ[DAG]+

ratio of 1.2007. This is greater than 1, and so Scheme 1, Part I,
shows that this would be classified as a Case 2 solution. This
classification immediately provides a piece of information,
which is that the protonated molecule, [M + H]+, is the base
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FIG. 2. Generalized representations of mass spectra used to calculate Critical Ratios. Also, generalized mass spec-
tra that demonstrate Critical Values and Critical Limits are shown.



peak, and then it provides the equation used to calculate the
abundance of the [DAG]+ fragment ion. The [DAG]+ ion abun-
dance (%) is given by (1/([MH]+/Σ[DAG]+)) × 100, or
(1/1.2007) ×100, which equals 0.8328 × 100, or 83.28%. Thus,
the base peak is known by the classification process, and the
other abundance is given by the equation dictated by the classi-
fied BUS. The sum of the ions in the mass spectrum is 100 +
83.28% = 183.28%, or 1.8328 as a pure ratio. The second solu-
tion can be seen to give the following equivalences:

There are only two possible solutions for a Type I TAG, and
these may be summarized by the equivalence:

This equation shows that the sum of all ions is equal to the sum
of the protonated molecule plus the one [DAG]+ fragment ion,
and this is equal to one of two possibilities, depending on
whether it is a Case 1 or a Case 2 solution, as determined by
whether the [MH]+/Σ[DAG]+ ratio is less than the Critical
Value of 1 or larger than 1. Scheme 1, Part I, shows the equiv-
alence just given. The foregoing two examples, for OOO and
LLL, demonstrate that this equivalence is true for Type I TAG
having an [MH]+/Σ[DAG]+ ratio less than 1 (OOO), or a ratio
greater than 1 (LLL).

The BUS for a Type II TAG. For Types II and III TAG, a
[MH]+/Σ[DAG]+ ratio greater than 1 certainly indicates that [M
+ H]+ is the base peak, but an [MH]+/Σ[DAG]+ ratio less than
1 does not, by itself, indicate that [M + H]+ is not the base peak.
Thus, for Types II and III TAG, an [MH]+/Σ[DAG]+ ratio
greater than 1 is sufficient, but not necessary, to define [M +
H]+ as the base peak for any TAG. Types II and III TAG have
other Critical Values inherent in the construction of the ratios.
The same logic demonstrated for AAA TAG of setting all
peaks equal to 1 at the Critical Value and comparing the ob-
served Critical Ratio to this Critical Value to determine the
identity of the base peak is also applicable to Types II and III
TAG. 

The Critical Value for a Type II TAG is depicted in the
fourth panel down in Figure 2. At the Critical Value for a Type
II TAG, the [M + H]+ and both [DAG]+ have their maximum
values of 1.00, or 100%. This circumstance is rarely, if ever,
actually observed, but it serves as an inherent arithmetic equiv-
alence point for TAG that fragment to produce two different
[DAG]+ ions. For any Type I, II, or III TAG, the Critical Value,
at which all ions, Σ(I+), are at their maximum values, produces
the limit that represents the minimum [MH]+/Σ[DAG]+ ratio
that the TAG could have and still give a protonated molecule,
[MH]+. At the Critical Value for the [MH]+/Σ[DAG]+ ratio, if
any [DAG]+ fragment were to decrease by the least amount,
the Σ[DAG]+ would decrease, and the [MH]+/Σ[DAG]+ ratio
would increase, and so this value represents the minimum of
the ratio. If the [M + H]+ abundance were to decrease by the
least amount, it would not be the base peak, and so a piece of
information would be known.
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The Critical Value of the [MH]+/Σ[DAG]+ ratio for a Type II
TAG, or ABA/AAB TAG, is 1/2, or 0.5, as shown in the
fourth panel down in Figure 2. A mass spectrum with a
[MH]+/Σ[DAG]+ ratio less than the Critical Value cannot have a
protonated molecule base peak. But a [MH]+/Σ[DAG]+ ratio
greater than the Critical Value does not immediately indicate that
the protonated molecule is the base peak. The Critical Ratio must
be further tested with another limit to determine whether the [M
+ H]+ is the base peak. The Critical Value serves as the lower
limit for the possibility of having a protonated molecule base
peak. If the [MH]+/Σ[DAG]+ ratio is greater than the Critical
Value, then the next limit to which it is compared is the Critical
Limit, discussed next, which is the limit of the [MH]+/Σ[DAG]+

ratio, based on actual [DAG]+ abundances, that defines whether
the [M + H]+ is the base peak or a [DAG]+.

The Critical Limit for a Type II TAG. The Critical Limit for a
Type II TAG makes use of the inherent limitations imposed by
the MS construct, within which all abundances must operate. If
it is known by classification that a TAG is Case 1, then a [DAG]+

is known to be the base peak, and, for a Type II TAG, the possi-
bilities for the base peak are narrowed down to two: (i) [AB]+ is
larger than [AA]+, and so [AB]+ is the base peak and has an
abundance of 100%; or (ii) [AA]+ is larger than [AB]+, and so
[AA]+ is the base peak and has an abundance of 100%. In the
first case, [AB]+ is larger than [AA]+, and so [AB]+ is 100%, or
is 1.00 as a pure ratio; thus, since [AB]+ = 1, [AA]+/[AB]+ be-
comes equal to [AA]+/(1), and so [AA]+ = [AA]+/[AB]+. In this
case, the sum of the [DAG]+ fragment ions is [AB]+ + [AA]+ =
(1.0000 + [AA]+/[AB]+). This may be summarized as:

For instance, in the case of OOP, Table 2 gives an [AA]+/[AB]+

ratio of 0.3612, and since this value is less than 1, it is classi-
fied as Case 3. Along with the knowledge of the fact that there
is a [DAG]+ base peak, from classifying the [MH]+/Σ[DAG]+

ratio as Case 1, a Case 1.3 solution is dictated. In this case,
[AB]+ = 100%, and so [AA]+ = ([AA]+/[AB]+) × 100 = 0.3612
× 100 = 36.12%. Then the sum of the [DAG]+ ions is 1.0000 +
0.3612 = 1.3612 as a ratio, or 136.12% as percent abundance.

On the other hand, if the ratio [AA]+/[AB]+ is greater than
1, and so is a Case 1.4 solution, then [AA]+ is the base peak and
has an abundance of 100% (= 1.0000). Then, since [AA]+ = 1,
[AB]+ = (1/[AA]+/[AB]+)) = (1/(1)/[AB]+)). This may be sum-
marized as follows:

Of course, since loss of the B chain in an ABA TAG is ener-
getically disfavored, the [sn-1-AA]+ fragment is expected and
is normally observed to have a low abundance. It is most often
observed as a ratio that is not only less than 1, but is often
less than the 0.5 that is statistically expected. And so an

[AA]+/[AB]+ ratio greater than 1 normally provides a piece of
information, which is that there is a strong nonstatistical influ-
ence. This influence may be due to a structural characteristic of
the FA (amount and location of unsaturation), which renders
the sn-2 FA easily lost and gives an [AA]+/[AB]+ ratio that is
larger than expected. Other nonstatistical influences may be in-
volved that have not yet been elucidated.

To summarize the two preceding pairs of equations, if the
Type II TAG is Case 1, then one of the [DAG]+, [AA]+ or
[AB]+, would be 1.00, and the sum of the [DAG]+ fragment
ions could be calculated as one of either of two possibilities:

On the other hand, if the [MH]+/Σ[DAG]+ ratio is greater
than the Critical Limit, then it would be a Case 2 solution, and
the [M + H]+ is the base peak. The equations for the [AA]+ and
[AB]+ percent relative abundances would then be calculated
using the inverses of the preceding two equations. These equa-
tions appear in the denominator of the Case 2 solutions. Like-
wise, these equations for the Σ[DAG]+ appear as the denomi-
nator of the Critical Limit for a Type II TAG. At this Critical
Limit, one of the [DAG]+ fragment ions is 100%, or 1.00, and
the other is less than 100%, based on its proper proportion,
as given by either the [AA]+/[AB]+ ratio (Case 3), or
1/([AA]+/[AB]+) (Case 4). At this Critical Limit, [MH]+ is also
100%, because it is the numerator of the ratio, [MH]+/Σ[DAG]+,
for which this is the Critical Limit. The Critical Limit for a
Type II TAG is pictured in the fifth (bottom) panel of Figure 2.
In the hypothetical spectrum shown, one [DAG]+ fragment is 1
and [MH]+ is 1. From this point, if the [MH]+ were to decrease
by the least amount, the [DAG]+ would be the base peak,
whereas if the [DAG]+ were to decrease by the least amount,
the [MH]+ would be the base peak. Hence, based on a particu-
lar [AA]+/[AB]+ ratio, the Critical Limit is the point that deter-
mines whether [MH]+ or a [DAG]+ is the base peak. The Criti-
cal Limit, with [MH]+ = 1 and a [DAG]+ = 1, is shown in Fig-
ure 2 and can be summarized in this equation:

The area bounded by the equation set in the BUS for a Type II
TAG can be envisioned as the structure shown in Figure 3,
where the primary vertical axis is the [MH]+/Σ[DAG]+ ratio.
The axis needs only to go to 1 in the figure, since anything
above 1 automatically means an [MH]+ base peak, and then the
Σ[DAG]+ is given by 1/[MH]+/Σ[DAG]+, the inverse of the
[MH]+/Σ[DAG]+ ratio. The [MH]+/Σ[DAG]+ ratio for a Type
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II TAG has an inherent Critical Value = 0.5, which is the mini-
mum [MH]+/Σ[DAG]+ ratio that a TAG could have and still
give an [MH]+ base peak. This Critical Value of 0.5 is inherent
in the MS construct pertaining to TAG. The Critical Value can
be seen at the intersection of the vertical and equatorial axes in
Figure 3. At the Critical Value, both of the [DAG]+ were set to
100% to calculate the minimum possible [MH]+/Σ[DAG]+

ratio that could possibly give an [MH]+ base peak. In real cir-
cumstances, [AA]+ and [AB]+ are rarely both equal to 100%,
as they are at the theoretical Critical Value. In the rare case
where [AA]+ exactly equals [AB]+ (whether 100% or not), ei-
ther Case 3 or Case 4 could be used for the solution. The “less
than” sign is used for Cases 1, 3, and 5, to produce a decision,
but at the Critical Values and Critical Limits both Cases are
equal. 

The Critical Limit for a Type II TAG occurs when the larger
of the two [DAG]+ fragment ions is set to 100%, and the [MH]+

is set to 100%, such that a decrease in either value will determine
the base peak. The Critical Limit is based on the maximum hy-

pothetical Σ[DAG]+ that could be obtained by an observed
[AA]+/[AB]+ ratio. In real circumstances, the [AA]+/[AB]+ ratio
that is observed is often less than the statistically expected value
of 0.5, because of the trends already discussed regarding forma-
tion of the [sn-1,3-AA]+ fragment in the APCI-MS source. For
instance, the Critical Limit for the Type II TAG OPO/OOP can
be calculated using the [AA]+/[AB]+ ratio of 0.3612 from Table
2, as follows: Critical Limit = 1/(1 + 0.3612) = 1/1.3612 =
0.7346. Of course, in the case of OPO/OOP, the [MH]+/
Σ[DAG]+ could be seen to be less than the Critical Value of 0.5,
so construction of the Critical Limit would not be necessary to
classify it as Case 1, if classifying it manually. In contrast, if the
observed [MH]+/Σ[DAG]+ ratio is greater than or equal to the
Critical Limit, then it is Case 2, so the [MH]+ is equal to 100%.
For instance, the Critical Limit for the Type II TAG
LnSLn/LnLnS can be calculated using the [AA]+/[AB]+ ratio of
0.9510 from Table 2 as follows: Critical Limit = 1/(1 + 0.9510)
= 0.5126. This Critical Limit for LnSLn/LnLnS is seen in Table
3. The observed [MH]+/Σ[DAG]+ ratio from this TAG, given in
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regioisomers of calibrated TAG. The statistically expected value for the [AA]+/[AB]+ Critical Ratio = 1/2 = 0.5, Case 1.3 and Case 2.3, is not shown
on the equatorial axis.



Table 2, is 0.6131. Since the observed [MH]+/Σ[DAG]+ ratio is
greater than the Critical Limit, it is classified as Case 2, and this
ratio indicates that this TAG gave an [MH]+ base peak. The
[DAG]+ abundances then are calculated using the Case 2.3 equa-
tions given in the BUS. The Critical Limit is seen as the upper
circular limit on the main axis in Figure 3. 

Two notes must be considered regarding the Critical Limit for
a Type II TAG: First, in the automated spreadsheet implementa-
tion given below, only the Critical Limit is calculated and used,
because it is sufficient to classify Case 1 or 2. The Critical Value
for a Type II TAG is not required in the automated implementa-
tion. Second, in the rare case where the [MH]+/Σ[DAG]+ ratio
exactly equals the Critical Limit, either a Case 1 or a Case 2 so-
lution may be used. 

During the process of calculating the Critical Limit and clas-
sifying the base peak as Case 1 or Case 2, the identity of Case 3
or Case 4 is found. For Case 1.n, when Case 3 or 4 is known, the
Σ[DAG]+ can be calculated using the Critical Ratio [AA]+/[AB]+

or its inverse, 1/[AA]+/[AB]+. For all Cases, the observed
([AA]+/[AB]+)Obs ratio of the sample can be compared with the
[AA]+/[AB]+ ratios of regiospecific standards through Equations
3 and 4 above. The linear interpolation of the ([AA]+/[AB]+)Obs
ratio, between the [AA]+/[AB]+ ratios of standards, ([AA]+/
[AB]+)ABA and ([AA]+/[AB]+)AAB, is depicted on the equatorial
lines in Figure 3. The circles around the equatorial lines repre-
sent the ([AA]+/[AB]+)Obs ratios of pure regioisomeric standards,
such as those given in Table 1. Figure 3 shows ([AA]+/[AB]+)Obs
ratios between 0 and 1, which is the most common case. This is
the Case 1.3 or Case 2.3 solution. The BUS works equally well
for ([AA]+/[AB]+)Obs ratios greater than 1, and those instances
give a Case 1.4 or Case 2.4 solution. The BUS does not depend
on the linear interpolation given by Equations 3 or 4. The use of
the ([AA]+/[AB]+)Obs ratio for calculation of the regioisomeric
composition is separate from the BUS. 

The equations in the BUS can be demonstrated using the
data from the synthetic mixture of 35 TAG made from five FA
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TABLE 3 
Calculated Critical Values and Critical Limitsa Used with the Bottom-Up Solution
to Calculate Ion Abundances from Critical Ratios Determined by APCI-MS 

Critical Critical Critical
TAG Value Limit 1 Limit 2 Case

PPP 1.00 1
SSS 1.00 1
OOO 1.00 1
LLL 1.00 2
LnLnLn 1.00 2
PSP/PPS 0.50 67.00 1 3
POP/PPO 0.50 60.50 1 3
PLP/PPL 0.50 54.32 1 3
PLnP/PPLn 0.50 58.84 1 3
SPS/SSP 0.50 70.97 1 3
SOS/SSO 0.50 57.10 1 3
SLS/SSL 0.50 54.68 1 3
SLnS/SSLn 0.50 62.12 1 3
OPO/OOP 0.50 73.46 1 3
OSO/OOS 0.50 71.52 1 3
OLO/OOL 0.50 66.62 1 3
OLnO/OOLn 0.50 70.61 1 3
LPL/LLP 0.50 52.95 1 3
LSL/LLS 0.50 56.80 1 3
LOL/LLO 0.50 57.27 1 3
LLnL/LLLn 0.50 65.80 2 3
LnPLn/LnLnP 0.50 57.24 2 3
LnSLn/LnLnS 0.50 51.26 2 3
LnOLn/LnLnO 0.50 54.41 2 3
LnLLn/LnLnL 0.50 60.95 2 3
OPS 0.33 42.79 58.90 1 3 5
SPL 0.33 46.33 62.72 1 3 5
SPLn 0.33 40.49 56.59 1 3 5
LOP 0.33 35.93 50.44 1 3 5
LnOP 0.33 36.72 52.15 1 3 5
LnLP 0.33 42.19 57.68 2 3 5
LOS 0.33 37.43 53.85 1 3 5
OLnS 0.33 37.03 52.76 1 3 5
LnLS 0.33 40.39 56.00 2 3 5
LLnO 0.33 40.15 56.29 2 3 5
aThe Critical Limit is given as a percentage to two decimal places but is used as a pure ratio. For ab-
breviations see Table 1.



randomly distributed among the three positions on the glycerol
backbone, given in Table 2. For example, this synthetic mixture
contains oleic, palmitic, linoleic, linolenic, and stearic acids, so
the TAG made from these FA include POP, for which standards
of pure regioisomers have been run on the same instrument, as
given in Table 1. The Type II TAG POP/PPO from the syn-
thetic mixture gave the ([AA]+/[AB]+)Obs ratio of 0.6528 in
Table 2, as a pure ratio, and an [MH]+/Σ[DAG]+ ratio of

0.0055, as a pure ratio. These ratios are processed through the
BUS, Scheme 1, Part II, as follows: the [MH]+/Σ[DAG]+ ratio
is less than 1 and is also less than the Critical Value of 0.5. This
allows classification of the solution for this TAG as being a
Case 1 solution. There is no need to construct the Critical
Limit, because the [MH]+/Σ[DAG]+ ratio is less than the Criti-
cal Value. Nevertheless, the Critical Limit can still be calcu-
lated as an example. For instance, the ([AA]+/[AB]+)Obs ratio
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of 0.6528 for POP/PPO in Table 1 is less than 1, so it indicates
a case n.3 solution. The Critical Limit can be calculated as:

As expected, the [MH]+/Σ[DAG]+ ratio is less than the Critical
Limit, so the solution for this TAG is categorized as a Case 1.3
solution. The Case 1.3 solution indicates that [AB]+ is the base
peak, equaling 100%, and the percent [AA]+ is given as [AA]+ =
(([AA]+/[AB]+)Obs × 100) ratio, or 0.6528 × 100 = 65.28%.
Finally, the [MH]+ is calculated as [MH]+ (%) =
([MH]+/Σ[DAG]+) × (1 + 1/([AA]+/[AB]+)Obs) × 100 = (0.0055)
(1 + 0.6528) × 100 = 0.91% abundance. This abundance is seen
in the tabulated mass spectral data in Table 4. This small abun-
dance is exactly as expected from a TAG with only one site of
unsaturation. It can be seen from this example that the three
abundances that make up the mass spectrum can be calculated
from only the two Critical Ratios. Other example solutions are
shown below.

As these examples demonstrate, the two Critical Ratios for
a Type II TAG can be used to calculate the three abundances of
the ions in the mass spectrum. Then the second Critical Ratio
may also provide information regarding the percentage com-
position of regioisomers in the mixture. When the
([AA]+/[AB]+)Obs ratio of 0.6528 for POP/PPO from the syn-
thetic TAG mixture is inserted into Equation 3, with the ratios
([AA]+/[AB]+)ABA = 0.29 and ([AA]+/[AB]+)AAB = 0.87 for
the pure regioisomeric standards from Table 1 [based on the re-
port of Byrdwell and Neff (43)], the calculated % ABA is given
as:

This calculation indicates that the mixture appears to con-
tain 37.45% POP. Since the FA in this mixture are statistically
distributed among all possible positions on the glycerol back-
bone, the POP isomer would be expected to be present in an
amount equal to one-third, or 33%, with PPO and OPP mak-
ing up the other two-thirds. This synthetic mixture had previ-
ously been subjected to lipase hydrolysis, and it was deter-
mined that the FA were approximately statistically distributed
(7), so it is not surprising that the [AA]+/[AB]+)Obs ratio for
the POP in the synthetic mixture gives a percentage that is
close to the expected value of 33%, even using tabulated val-
ues for regioisomeric standards. It must be noted that the tab-
ulated values were obtained on the same instrument. Of
course, when accurate quantification is sought, fresh stan-
dards should be analyzed. From the preceding discussion and
examples below, one can see that, by using the Critical
Ratios, the BUS provides the abundances that make up the
mass spectrum, and one of the Critical Ratios may provide
additional information regarding the composition of regioiso-
mers.

The BUS for a Type III TAG. As already discussed, Type II
TAG have a Critical Value and a Critical Limit for the
[MH]+/Σ[DAG]+ ratio, which determine the identity of the
base peak. Also, the number 1 serves as the Critical Value for
the [AA]+/[AB]+ ratio to determine whether [AA]+ or [AB]+

is larger. Type III TAG have a Critical Value and a Critical
Limit for the [MH]+/Σ[DAG]+ ratio, and a Critical Value and
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TABLE 4  
Spreadsheet Formulas for the Implementation of the Bottom-Up Solutiona

The spreadsheet formulas, listed by TAG type, are as follows:

Type I:
[MH]+: = IF(Q2=1,(E2),(100))
[AA]+: = IF(Q2=1,(100),(100/(E2/100)))

Type II:
[MH]+: = IF(Q7=1,(IF(R7=3,(E7*(1+(G7/100))),(E7*(1+(100/G7))))),(100))
[AA]+: = IF(Q7=1,IF(R7=3,G7,100),(100/((E7/100)*(1+(1/(G7/100))))))
[AB]+: = IF(Q7=1,IF(R7=3,100,G7),(100/((E7/100)*(1+(G7/100)))))

Type III:
[MH]+: = IF(Q27=1,IF(R27=3,(IF(S27=5,(E27*(1+(G27/100))*(1+(I27/100))),(E27*(1+(G27/100))*

(1+(100/I27))))),(E27*(1+(100/G27)))),100)
[AC]+: = IF(Q27=1,IF(R27=3,(IF(S27=5,(G27*(1+(I27/100))),(G27*(1+(100/I27))))),(100)),(100/

((E27/100)*(1+(100/G27)))))
[AB]+: = IF(Q27=1,(IF(R27=3,(IF(S27=5,(100),(100/(I27/100)))),(1/((G27/100)*(1+(I27/100)))))),

(100/((E27/100)*(1+(G27/100))*(1+(I27/100)))))
[BC]+: = IF(Q27=1,(IF(R27=3,(IF(S27=5,((I27/100)*100),(100))),(1/((G27/100)*(1+(100/I27)))))),

(100/((E27/100)*(1+(G27/100))*(1+(100/I27)))))
aAssume the columns in Table 2 were labeled A through J, and the rows were numbered from 1 to 37; then the Critical Ra-
tios would be in columns E, G, and I, and the data would be in rows 2 to 36. Imagine the Case classification in Table 3 is
in columns Q, R, and S, with the same rows as Table 2.



a Critical Limit for the [AC]+/([AB]++[BC]+) ratio, and the
value 1 serves as the Critical Value for the [BC]+/[AB]+ ratio. 

The first Critical Value for a Type III TAG is the Critical
Value for the [MH]+/Σ[DAG]+ ratio, based on all ions being
equal to 1. The Critical Value for the [MH]+/Σ[DAG]+ ratio of
a Type III TAG is depicted in the right side of the fourth panel
down in Figure 2. The Critical Value of the [MH]+/Σ[DAG]+

ratio for an ABC TAG is 1/3, or 0.33, as shown in Figure 2. A
TAG with an [MH]+/Σ[DAG]+ ratio less than the Critical Value
cannot have a protonated molecule base peak. The Critical
Value for the [MH]+/Σ[DAG]+ ratio is depicted as the lower
horizontal ring on the vertical axis in Figure 4. The Critical Val-
ues of TAG are inherent values based on the definition of the
scale (= 100%) and do not depend on a particular Critical Ratio.
An [MH]+/Σ[DAG]+ ratio greater than the Critical Value does
not immediately indicate a protonated molecule base peak. The
Critical Ratio must be further tested with another limit to de-
termine whether the [M + H]+ is the base peak. As with Type II
TAG, the Critical Value serves as the lower limit for the possi-
bility of having a protonated molecule base peak. The
[MH]+/Σ[DAG]+ ratio may be above the Critical Value, yet still

not be the base peak, since the Critical Value is based on all
[DAG]+ being at their maximum values, which is not usually
the case. A Critical Limit, on the other hand, is based on ob-
served Critical Ratios from data. Critical Limits used for Type
III TAG, including the limit of the [MH]+/Σ[DAG]+ ratio that
defines whether the [M + H]+ is the base peak, are discussed
below. 

(i) Critical Limit 1 for a Type III TAG. Critical Limit 1 is
used to determine whether the [M + H]+ or a [DAG]+ fragment
ion is the base peak. Just as the [AA]+/[AB]+ ratio for a Type II
TAG was used to calculate the Critical Limit for a Type II TAG,
the [AC]+/([AB]+ + [BC]+) ratio is used in an analogous way
to calculate Critical Limit 1 for a Type III TAG. The
[AC]+/([AB]+ + [BC]+) ratio is similar to the [AA]+/[AB]+ ratio
in another way, which is that both have a statistically expected
value of 0.5. The [AC]+ fragment is one of three possible
[DAG]+ fragments, and is taken as a ratio to the other two, so
the ratio [AC]+/([AB]+ + [BC]+) has a statistically expected
value of 1/2, or 0.5. Also in an analogous way, the
[AC]+/([AB]+ + [BC]+) ratio defines the Case 3 and Case 4 pos-
sibilities for a Type III TAG, as the [AA]+/[AB]+ ratio did for
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FIG. 4. The Shape of the Triacylglycerol Lipidome for a Type III TAG.



the Type II TAG. Because of these similarities, the shape of the
area bounded by the [MH]+/Σ[DAG]+ ratio and the
[AC]+/([AB]+ + [BC]+) ratio, which are the first two Critical
Ratios for a Type III TAG, is similar to the shape of the Type II
TAG Lipidome pictured in Figure 3. In the diagram of the
shape of the Lipidome for a Type III TAG, the [AC]+/([AB]+ +

[BC]+) ratio is on the equatorial axis instead of the [AA]+/
[AB]+ ratio, as shown in Figure 4. 

The [AC]+/([AB]+ + [BC]+) ratio has a Critical Value of 0.5
that represents the minimum value that the ratio can have and
still have an [AC]+ abundance larger than or equal to the [AB]+

and [BC]+ abundances. If the [AC]+/([AB]+ + [BC]+) ratio has
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FIG. 5. Examples of the Bottom-Up Solution (BUS) to the Triacylglycerol Lipidome, using abundances to the nearest 5%.
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a value less than 0.5, then [AC]+ must be smaller than [AB]+

or [BC]+, and so is a Case n.3.n solution. Coincidentally, this
second Critical Value for a Type III TAG also equals the statis-
tically expected value of this Critical Ratio. The Critical Value
of this Critical Ratio is seen in Scheme 1, Part III, and it is
shown as Critical Value 2 on the equatorial axis in Figure 4.

If the ratio [AC]+/([AB]+ + [BC]+) is greater than 1, then
[AC]+ is automatically known to be larger than [AB]+ and
[BC]+, and Critical Limit 1 can be constructed based only
on [AC]+/([AB]+ + [BC]+). Furthermore, if [AC]+/([AB]+ +
[BC]+) is greater than 1, this indicates a Case n.4.n solution.
For a Case n.4.n solution, the value of Critical Limit 1 is given
as:

[7]

When the solution is classified as Case n.4.n solution, [AC]+ =
100% (= 1.00) at Critical Limit 1, because it is larger than
[AB]+ and [BC]+, and so it is the peak against which the [M +
H]+ must be compared to determine the base peak. This is
shown in the bottom panel of Figure 2. 

When the [AC]+/([AB]+ + [BC]+) ratio is less than 1 but
greater than 0.5, it must be compared with Critical Limit 2 to
determine whether it is Case 3 or Case 4. The equation for Crit-
ical Limit 2 requires the use of the [BC]+/[AB]+ ratio, and so
this ratio is first classified as either Case 5, in which the
[BC]+/[AB]+ ratio is < 1, or Case 6, in which the [BC]+/[AB]+

ratio is ≥ 1. Knowing the Case for the third Critical Ratio for a
Type III TAG allows Critical Limit 2 for the TAG to be calcu-
lated, which is:

Then, to fully calculate Critical Limit 1 for a Case n.3.n Type
III TAG, both Critical Ratio 2 and Critical Ratio 3 are used. The
complete equation for Critical Limit 1 for a Case n.3.n solution
is given as follows:

For Case 5:

or, for Case 6:

(ii) Critical Limit 2 for a Type III TAG. As seen above, Crit-
ical Limit 2 is necessary to calculate Critical Limit 1 when the
[AC]+/([AB]++ [BC]+) ratio is Case 3. This is the statistically
expected normal circumstance. As already mentioned, the sta-
tistically expected [AC]+/([AB]+ + [BC]+) ratio is 0.5. To de-
termine whether the [AC]+ abundance is less than [AB]+ or
[BC]+, or whether it is greater than [AB]+ and [BC]+, the
[AC]+/([AB]+ + [BC]+) ratio must be compared with Critical
Limit 2. This determines whether [AC]+/([AB]+ + [BC]+)
obeys a Case 3.0 or a Case 4.0 solution. Critical Limit 2, in
turn, depends on whether the third Critical Ratio, [BC]+/[AB]+,
is greater than or less than 1. 

Critical Limit 2 is calculated as follows:

[8]

Case n.n.5 Case n.n.6

When this Critical Limit 2 has been calculated, it is then used
to calculate Critical Limit 1:

[9]

Critical Limit 1 is used to specify whether [M + H]+ is the
base peak, which determines either Case 1.0 or Case 2.0. Crit-
ical Limit 2 is used to specify whether [AC]+ is larger than
[AB]+ and [BC]+, which specifies either Case 3.0 or 4.0. The
[BC]+/[AB]+ ratio alone (<1 or ≥1) specifies either Case 5 or
6. Thus, the complete Case classification can be given by
comparison of the three Critical Ratios to Critical Limit 1,
Critical Limit 2, and 1 (= Critical Value 3). 

Once the Case has been classified, the complete set of
equations necessary to calculate the abundance of every ion
is given in Scheme 1, Part IIIA or IIIB, for the Case 1 or Case
2 solutions, respectively. Up to five specific values can be cal-
culated from three Critical Ratios: (i) the abundance of the
protonated molecule, (ii) the abundances of each of the three
[DAG]+ fragment ions, and (iii) the sum of all the ions. Three
critical ratios are required to specify the four primary ions in
an APCI-MS mass spectrum of an ABC-type TAG, plus the
sum of all ions. Only two critical ratios are required to fully
describe the three primary ions in the mass spectrum of an
ABA/AAB-type TAG. Four specific values may be calculated
for the mass spectrum of a Type II TAG: (i) the abundance of
the protonated molecule, (ii) the abundances of each of the
two [DAG]+ fragment ions, [AA]+ and [AB]+, and (iii) the
sum of all ions. Only one single Critical Ratio is necessary to
describe an AAA, or Type I TAG. That one ratio specifies that
one peak is the base peak and the other is a ratio to the first,
and the sum of the ions is then given.
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IMPLEMENTATION OF THE BUS

The Critical Ratios are the key elements of the BUS to the TAG
Lipidome. During the process of investigating the relationships
between the Critical Ratios and the structural information that
they provide, it was observed that the Critical Ratios contained
all of the information necessary to reconstruct the mass spec-
trum from which they came. Thus, the starting point for the

BUS for TAG is the construction of the Critical Ratios for the
TAG. The reasons for the identities of the Critical Ratios were
given in the section entitled Construction of the Critical Ratios.
The Critical Ratios may be constructed from abundances or
areas in several ways. They may be constructed either from the
abundances from a single mass spectrum or from an averaged
mass spectrum obtained by averaging individual mass spectra
over time from data obtained by infusion of an analyte solution
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SCHEME 1, PART IIIA. Equations to calculate the relative abundances of the [M + H]+ and [DAG]+ fragment ions for Type III TAG (= ABC), Case
1.n.n, using Critical Ratios from APCI-MS data (Table 2). For abbreviation see Scheme 1, Part I.



at a constant rate, or from data by injection of analyte into an
infused solvent flow. Further still, the mass spectrum used to
construct the Critical Ratios may be an averaged-in-time mass
spectrum across a chromatographic peak, or it may be con-
structed from the integrated-in-time normalized relative area
abundances. For mass spectra across a chromatographic peak,
the abundances are different in the middle, front, and back por-
tions of the peak, as was mentioned by Mottram et al. (11) and
in a recent review (45). For Type II TAG, it appears that the re-
gioisomers may be partially separated across the breadth of the

peak. Construction of the Critical Ratios for the first, middle,
and last portions of the chromatographic peaks may help to
make more trends apparent. For polyunsaturated TAG, the
[AA]+/[AB]+ ratio is higher than other TAG and is often greater
than 1. 

The averaged mass spectrum across a chromatographic peak
shows all ions eluted at that particular time. Similarly, a plot of
the areas under integrated peaks in ion chromatograms at a par-
ticular retention time, normalized to 1 (or 100%), appears the
same as a mass spectrum averaged across that time window. The
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SCHEME 1, PART IIIB. Equations to calculate the relative abundances of [M + H]+ and [DAG]+ fragment ions for Type III TAG (= ABC), Case
2.n.n, using Critical Ratios from APCI-MS data (Table 2). For abbreviation see Scheme 1, Part I.



averaged mass spectrum of each TAG of the 35-TAG mixture
given in Table 5 is an average of the three sets of mass spectra
given by the (abundance × time) integrated peak areas of each of
three chromatographic runs, in which complete chromatographic
resolution was achieved between almost all TAG molecular
species. Peaks that appear to overlap in the total ion current chro-
matogram (TIC) are resolved in ion chromatograms of [DAG]+

fragments that are extracted out of the TIC, to form extracted ion
chromatograms (EIC). Any overlapped peaks are apportioned as
has been described previously (7,34). In the data set used herein,
the only chromatographic peak that required apportionment was
the P peak of OL and the O peak of SLn in the m/z 601.5 EIC,
marked with an asterisk in Figure 6E. In whichever manner the
percent relative abundances are obtained that represent the mass
spectrum, the Critical Ratios can be calculated from the abun-
dances or areas. One need not convert integrated peak areas to
percent relative abundances, since the critical ratios can be cal-
culated directly from the integrated areas as long as they are
properly grouped by retention time for each TAG. However,

when averaging several runs, calculations should be based on
normalized area percentages.

Error propagation in the Critical Ratios must be mentioned.
In Table 2, the SD are not simply the SD of the three numerically
calculated ratio values. Since the Critical Ratios are ratios of av-
erage abundances that each have a SD, error propagation is more
correctly calculated as the square root of the sum of the squares
of the percent relative SD of the abundances involved in the con-
struction of the ratios. Table 2 shows the SD calculated in this
way. When a ratio has been shown to have a linear relationship,
such as the [AA]+/[AB]+ ratio for regioisomers, it may be appro-
priate to express the simpler SD in the ratio itself. In Table 2, the
simple SD of the three numeric [AA]+/[AB]+ ratio values has
been shown as SD2. In most cases, the peak that is the base peak
in an averaged mass spectrum is the base peak in each of the av-
eraged spectra, and so that abundance has a 0% SD from spec-
trum to spectrum. In the cases of highly unsaturated TAG, the
error expressed as the square root of the sum of the squares of
the SD of the abundances was larger than for TAG containing
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TABLE 5 
Percent Relative Ion Abundances Calculated from the Critical Ratios in Table 2, Using the
Bottom-Up Solution in Scheme 1, Implemented by the Formulas in Table 4a

TAG [MH]+ [AA]+ or [AC]+ [AB]+ [BC]+ ΣI%

PPP 0.00 100.00 100.00
SSS 0.00 100.00 100.00
OOO 3.24 100.00 103.24
LLL 100.00 83.28 183.28
LnLnLn 100.00 44.88 144.88
PSP/PPS 0.00 49.26 100.00 149.26
POP/PPO 0.91 65.28 100.00 166.19
PLP/PPL 0.74 84.11 100.00 184.85
PLnP/PPLn 21.77 69.94 100.00 191.71
SPS/SSP 0.00 40.91 100.00 140.91
SOS/SSO 0.79 75.14 100.00 175.93
SLS/SSL 0.77 82.89 100.00 183.66
SLnS/SSLn 15.44 60.98 100.00 176.42
OPO/OOP 2.57 36.12 100.00 138.69
OSO/OOS 1.57 39.82 100.00 141.39
OLO/OOL 17.91 50.10 100.00 168.01
OLnO/OOLn 52.31 41.62 100.00 193.93
LPL/LLP 52.20 88.84 100.00 241.04
LSL/LLS 76.54 76.07 100.00 252.61
LOL/LLO 77.60 74.62 100.00 252.22
LLnL/LLLn 100.00 33.74 64.93 198.67
LnPLn/LnLnP 100.00 42.19 56.49 198.69
LnSLn/LnLnS 100.00 79.50 83.60 263.11
LnOLn/LnLnO 100.00 44.99 53.69 198.68
LnLLn/LnLnL 100.00 30.51 47.61 178.12
OPS 1.10 63.91 100.00 69.79 234.80
SPL 0.99 56.42 100.00 59.43 216.85
SPLn 22.92 70.29 100.00 76.70 269.91
LOP 17.93 80.08 100.00 98.27 296.28
LnOP 74.01 80.54 100.00 91.76 346.31
LnLP 100.00 54.96 86.35 63.36 304.67
LOS 19.90 81.45 100.00 85.70 287.05
OLnS 53.87 80.49 100.00 89.53 323.89
LnLS 100.00 61.47 89.06 69.98 320.51
LLnO 100.00 50.63 70.93 55.08 276.65
aThis is an exact reproduction of the average mass spectrum obtained as an average of three chro-
matographic runs. I, ion abundance; for other abbreviations see Table 1.



FA with fewer sites of unsaturation. TAG. Although the ap-
proach used to obtain an averaged mass spectrum affects the SD
of the abundances, the BUS does not depend on the approach
used to obtain the mass spectrum. 

Figures 5A through 5F show examples of mass spectra and
the construction of the Critical Ratios. For Type II TAG, the
[AA]+/[AB]+ ratio can be used to assess the amounts of regio-
isomers; so instead of providing abundances, which would then
need to be converted into the ratio that is compared to regioiso-
meric standards, one could provide the desired ratio directly,
along with one or two other ratios, which constitute the set of
Critical Ratios. These ratios can be tabulated in fewer values
than the raw abundances. The ratios therefore are a more effi-
cient means of storing information. They provide more infor-
mation in fewer values. 

Automated spreadsheet implementation of the BUS starts
with the classification of the Critical Ratios into Cases. The
classification can be accomplished using only the Critical Lim-
its. The Critical Values do not need to be used in the automated
implementation. If the columns in Table 2 were labeled A
through J, and the rows were numbered from 1 to 37, then the
Critical Ratios would be in columns E, G, and I, and the data
would be in rows 2 to 36. Based on Table 2 numbered as men-
tioned, the following formulas allow the calculation of the Crit-
ical Limits:

Type II: J7: =
IF(G7<100,(100/(1+(G7/100))),(100/(1+(100/G7))))

Critical Limit

Type III: J27: =
IF(G27<M27,(100/(1+(G27/100))*(M27/100)),(100/(1+
(100/G27))))

Critical Limit 1

M27: = IF(I27<100,(100/(1+(I27/100))),(100/(1+(100/I27)))) 
Critical Limit 2

G7–36: = Critical Ratio [AA]+/[AB]+ (Type II TAG)
or [AC]+/([AA]+ + [AB]+) (Type III)

I27–36: = Critical Ratio [BC]+/AB]+ (Type III TAG)

These formulas are the implementation of the equations for the
Critical Limits that were given in the closed boxes in Scheme
I, Parts II and III, and in Equations 7–9. These formulas may
be pasted down the column for all TAG of each type, to auto-
matically calculate the Critical Limits for all TAG. Notice that
Critical Limit 1 for a Type III TAG depends on Critical Limit
2. 

Notice that the formula for Critical Limit 2 for a Type III
TAG is in the same form as the formula for the one Critical
Limit of a Type II TAG. Once the Critical Limits have been cal-
culated, then the Case classification can also be automated. The
Critical Limits calculated from the Critical Ratios in Table 2
are given in Table 3, along with the Critical Values. Examples
in the preceding text and in Figure 5 demonstrate calculation

of the Critical Limit.
In the spreadsheet implementation for Type I TAG, the

[MH]+/Σ[DAG]+ ratio is simply compared with 1, so the clas-
sification is =IF(E2<100,1,2), where 1 and 2 are Case 1 and
Case 2. For both Types II and III TAG, the [MH]+/Σ[DAG]+

ratio is compared with the first Critical Limit (formulas just
shown) and is given by: =IF(E7<J7,1,2), where 1 and 2 are
Case 1 and Case 2, with the Critical Limit in column J. Next,
Case 3 and Case 4 are determined. For the Type II TAG, the
[AA]+/[AB]+ ratio is simply compared with 1, so the classifi-
cation formula is: =IF(G7<100,3,4), where 3 and 4 are Case 3
and Case 4. For a Type III TAG, the [AC]+/([AB]++[BC]+)
ratio is compared with Critical Limit 2, so the classification for-
mula is: =IF(G27<M27,3,4), where Critical Limit 2 is in col-
umn M. Finally, Case 5 and Case 6 are determined. The
[BC]+/[AB]+ ratio is simply compared with 1 for this determi-
nation, so the classification formula in spreadsheet notation is
=IF(G27<100,5,6).

From these formulas, the TAG are classified into their com-
plete Case classifications. The case classifications for the 35-
TAG mixture, for which Critical Ratios are given in Table 2, are
shown in Table 3. Once they are classified, the solution equa-
tions are given in Scheme 1 of the BUS. Since they may not be
obvious and might seem daunting at first, the formulas will be
given here by which the entire BUS can be implemented. This
actually requires only a few nested spreadsheet formulas. To ex-
emplify this, imagine that the case classification in Table 3 is in
columns Q, R, and S of the same spreadsheet as that envisioned
for Table 2. Keeping the same row numbers (2 through 36), the
following formulas use the Cases defined in Table 3 with the
Critical Ratios given in Table 2 to calculate the abundances of
all ions in the original mass spectra.

In the implementation in a spreadsheet, the comparison of
the [MH]+/Σ[DAG]+ ratio to 1 and to its Critical Value can be
skipped, since the Critical Limits are sufficient to determine
which peak is the base peak. The comparison with 1 and with
the Critical Value is done when the BUS is being used manu-
ally (not in a spreadsheet), to accomplish the case classification
of the TAG with these simple values if possible, to save time
and avoid calculation of the more complicated Critical
Limit(s). 

When the spreadsheet is used, the formulas given above can
be typed in and then pasted down the column, so calculation of
the Critical Limits requires minimal effort. Therefore, these
formulas for the Critical Limits can be used without first test-
ing the [MH]+/Σ[DAG]+ ratio with the Critical Value and 1.

Similarly, for a Type III TAG, Critical Limit 1 depends on
Critical Limit 2. Since the spreadsheet calculates both of these
values easily from the formulas for the Critical Limits given,
Critical Limit 2 is easily determined without first testing the
[AC]+/([AB]+ + [BC]+) ratio using its Critical Value of 0.5. The
[AC]+/([AB]+ + [BC]+) ratio can simply be compared with
Critical Limit 2 using the automated classification formulas just
given, to arrive at the Case classification for Case 3 or Case 4. 

Thus, the whole Critical Limit calculation process is ac-
complished with only the three formulas given, and these are
used with the Critical Ratios to accomplish the complete Case
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FIG. 6. Total ion current chromatogram (TIC), evaporative light-scattering detector (ELSD) chromatogram, and extracted ion chromatograms (EIC)
of [DAG]+ fragment ion masses. S, stearic acid; Ln, linolenic acid; for other abbreviations see Figure 1.



classification of the TAG. Once the Case classification is ac-
complished, the BUS shows which equations to use to calcu-
late the ion abundances for every TAG of every case. In look-
ing at Scheme 1, it might appear difficult to implement the
system of equations given in the BUS. However, the whole
solution for every TAG can be implemented in only nine for-
mulas that contain nested “if (x, then y, else z)” spreadsheet
formulas, in which x is the case classification given in Table
3. There are nine types of [MH]+ or [DAG]+ fragment ions
that can be produced from a Type I, II, or III TAG. The nine
spreadsheet formulas necessary to calculate the abundance of
every possible ion are provided in Table 4. These can be en-
tered into the spreadsheet and then pasted down the column
for each TAG type. Since there are only two possible cases
for each Critical Ratio, the “if (x, then y, else z)” statement
can be tested using Cases 1, 3, and 5 as x, and if any of the
tests fails, then the inherent “else z” is the Case 2, 4, or 6 so-
lution, respectively, by default. This is why, for a Type III
TAG, only the values 1, 3, and 5 appear at the beginning of
each “if (x, then y, else z)” statement. Notice in Table 4 that,
for a Type III TAG, the “if (x, then y, else z)” statements are
nested three levels deep, whereas for a Type II TAG, they are
nested two levels deep. The spreadsheet formulas in Table 4
allow the abundances for every [MH]+ ion and [DAG]+ frag-
ment from every TAG to be calculated based on the Critical
Ratios tabulated in Table 2, using the Critical Limits and Case
classification shown in Table 3. The abundances calculated
from the spreadsheet formulas in Table 4 are given in Table
5.

Table 5 represents an average mass spectrum obtained from
three chromatographic runs. The average mass spectrum was
used to calculate the Critical Ratios. The values in Table 5 were
calculated from the Critical Ratios in Table 2 processed through
the equations in Table 4 and are exactly equal to the average
mass spectrum to the number of significant figures given. In the
spreadsheet, where many decimal places can be kept, the BUS
reproduces the original mass spectrum to as many decimal places
as desired. Figure 5 demonstrates that when theoretical Critical
Ratios with infinite precision (perfect integer ratios) are used, the
abundances are calculated with infinite precision. The abun-
dances calculated and shown in Table 5, which are given by the
BUS using the Critical Ratios in Table 2, are an exact reproduc-
tion of the average mass spectrum obtained from the average of
three chromatographic runs, to two decimal places. The repro-
duced mass spectrum in Table 5 gives the Critical Ratios shown
in Table 2. It should be noted that, since the abundances calcu-
lated from the BUS, shown in Table 5, required rounding to two
decimal places, rounding error would occur each time the spec-
trum is reproduced from the Critical Ratios of a reproduced spec-
trum. In situations where the Critical Ratios are pure integer ra-
tios, as shown in Figure 5, there is no error; and the Critical Ra-
tios can be used to calculate the reproduced mass spectrum, and
the Critical Ratios from the reproduced mass spectrum give the
exact same Critical Ratios, with infinite precision. Just like the
average mass spectra shown in Table 5, the abundances that

make up any individual APCI-MS mass spectrum can be exactly
reproduced by the BUS. The Critical Ratios for any individual
mass spectrum are processed through the BUS, and the abun-
dances from which they came are reproduced to as many signifi-
cant figures as were given for the Critical Ratios.

The structural trends that have been reported, as discussed
in the foregoing sections, make up part of the Interpretation
Matrix that is used to interpret information from the Critical
Ratios. But the Interpretation Matrix is also used, if literature
precedent has been reported, to make structural assignments
that affect the Critical Ratios. The structural trends can be seen
in the way the fragment ions are arranged in Table 5. It has al-
ready been discussed that the statistically expected
[AA]+/[AB]+ ratio is 0.5. Thus, the [AA]+ ion abundance is al-
ways expected to be smaller than the [AB]+ abundance. It can
be seen in Table 5 that the [AA]+ ion abundance (identified as
the [AA]+ fragment by m/z value) is smaller than the [AB]+

abundance for every TAG. With Type II TAG, there is no se-
lection to be made regarding the identities of A and B, because
whichever [DAG]+ fragment has two of the same FA is the
[AA]+ fragment, and whichever [DAG]+ fragment has two dif-
ferent FA is the [AB]+. The 35-TAG mixture theoretically has
equimolar amounts of regioisomers, since the FA are randomly
distributed. 

Based on linear interpolation of the ([AA]+/[AB]+)Obs ratio
between the ([AA]+/[AB]+)ABA and ([AA]+/[AB]+)AAB ratios
of pure standards, the [AA]+/[AB]+ ratio for the 35-TAG mix-
ture should give an [AA]+/[AB]+ ratio that is ~1/3 of the way
between the [AA]+/[AB]+ ratio of the ABA isomer and the
[AA]+/[AB]+ ratio of the AAB/BAA isomer pair. The
[AA]+/[AB]+ ratios of many TAG regioisomers have not yet
been reported. Table 2 represents one point, obtained from a
randomized mixture, on the line interpolated between the two
regioisomeric standards. The [AA]+/[AB]+ ratios in Table 2
theoretically represent approximately the one-third (1/3) point
on the line interpolated between the [AA]+/[AB]+ ratios of the
ABA isomer and the AAB/BAA isomer pair. As already men-
tioned, the 35-TAG synthetic mixture for which Critical Ratios
were given in Table 2 represents a mixture of regioisomers, and
each of these is present as a racemic mixture of enantiomers.

The [AA]+/[AB]+ ratios in Table 2 show that the TAG that
contained the diolein DAG combined with a saturated FA had
some of the lowest [AA]+/[AB]+ ratios. Polyunsaturated TAG,
containing linoleic and linolenic acids, gave the highest
[AA]+/[AB]+ ratios, especially from the TAG containing one
saturated FA. Perhaps construction of the [AA]+/[AB]+ ratios
from a larger number of TAG mixtures and TAG standards will
lead to a greater understanding of the effects of unsaturation in
the FA, and of the regioisomeric placement of the FA, on the
relative abundances of the [DAG]+ fragment ions formed from
Type II TAG.

Unlike Type II TAG, for Type III TAG the identities of the
FA A, B, and C are not automatically known. However, the
trends reported from APCI-MS data provide information to be
able to classify the FA and deduce the structure of [AC]+ and
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therefore to know the identity of the B FA in the sn-2 position.
As discussed in the preceding sections, the sn-1,3 [DAG]+ frag-
ment has been reported to be energetically disfavored, and has
been reported to exist in the least abundance (10,11) of the
three [DAG]+ fragments that come from a Type III TAG. Based
on this reported trend, the abundances of Type III TAG in Table
5 have been arranged such that the [AC]+ fragment is selected
as the peak with the lowest abundance. Aligning the identity of
[AC]+ as the ion with the smallest abundance implies that it is
the [sn-1,3-AC]+ fragment. For instance, for OPS, the lowest
[DAG]+ abundance was observed from the [OS]+ fragment
(=[SO]+), so the [OS]+ fragment is labeled as the [AC]+ frag-
ment. In this way, the previous structural trends that have been
reported for TAG can be used for identification of at least one
of the three possible regioisomers for a Type III TAG. Before
constructing the Critical Ratios (such as in Table 2), the lowest
[DAG]+ abundance should be properly identified as [AC]+, so
that the [AC]+/([AB]+ + [BC]+) ratio will have its minimum
value when the [AC]+ fragment is properly assigned. Of
course, the equations of the BUS operate properly whether the
ions have been assigned properly or not, but proper construc-
tion of the Critical Ratios allows additional structural informa-
tion to be derived and trends observed. In Table 5, one can ob-
serve that all [AC]+ fragments have the lowest abundances of
the three [DAG]+ fragments for each TAG. However, the trend
reported for Type III TAG was based on a limited number of
Type III TAG; therefore, this trend needs to be further verified
with additional Type III TAG standards. Regardless of how the
Critical Ratios are used to derive regiospecific structural infor-
mation, the BUS works with all values of all Critical Ratios. 

No definitive trend has been reported for [AB]+ vs. [BC]+

fragments. All else being equal, the [AB]+ vs. [BC]+ fragments
are interchangeable. Thus, it is equally likely that a TAG could
represent a Case 5 vs. a Case 6 solution. In the absence of a de-
finitive trend, the data can be used to try to elucidate any subtle
trends that may not be readily apparent. If one chooses to set the
[BC]+ fragment equal to the smaller of the two possible abun-
dances for [AB]+ or [BC]+, then perhaps the ratios will indicate
some structural trends. For instance, in Table 5, the [BC]+ frag-
ment is chosen so that the [BC]+ fragment is smaller than abun-
dances for [AB]+. By doing this, one can observe that every Type
III TAG in the mixture that has less than two saturated FA had
the least saturated chain in the C, or sn-3, position. Seven of the
ten Type III TAG in the 35-TAG mixture had one or no saturated
FA. All seven of these TAG gave a lower abundance for the
[BC]+ fragment than the [AB]+ fragment when the single satu-
rate or monounsaturate (for LLnO) was in the sn-3 position. Of
course, the sn-1 and sn-3 positions could be reversed, and all
Type III TAG would have the [BC]+ fragment larger than the
[AB]+ fragment. But whichever way they are labeled, it reveals
a trend that the [DAG]+ fragment with more unsaturation is the
larger fragment, in most cases, giving a [BC]+/[AB]+ ratio less
than one, when the unsaturated TAG is labeled as the A, or sn-1,
FA. Additional data from regioisomeric standards of Type III
TAG will reveal which is the correct assignment. With the BUS,
the mechanism, or the construct, is now in place to be able to

more easily identify and interpret structural trends, as they are
reflected in the abundances of the [DAG]+ fragment ions in
APCI-MS mass spectra, and the Critical Ratios made from the
raw abundances. Regardless of whether the [BC]+ fragment is
less than the [AC]+ fragment or vice versa, the BUS accurately
calculates the abundances of each ion whether the [BC]+/[AB]+

ratio is larger than 1 or less than 1. 
In a way analogous to proteomics, the sum of all possible

species and structures of lipid molecules may referred to as the
lipidome, and the study of the lipidome is referred to as
lipidomics (46). The sum of all possible structures of TAG may
be referred to as the TAG Lipidome. There is not a single TAG
that cannot be represented by its Critical Ratios, and from these
Critical Ratios, all abundances of ions may be reproduced.
Thus, Scheme 1 represents the complete boundary to the solu-
tion of the TAG Lipidome, based on data from APCI-MS mass
spectra. There is no TAG that cannot be represented within this
construct. The structural trends that have just been mentioned,
which were correlated to values or trends in the Critical Ratios,
constitute the Interpretation Matrix that is part of the BUS.
These correlations are not written here in a single table but have
been discussed in detail. In the future, further information may
be added to the Interpretation Matrix to allow a preference for
[BC]+ vs. [AB]+ to be further described, or other information
may be added to allow more information to be interpreted from
the Critical Ratios. But, whereas this may provide incremental
additional information, the essential construct of the BUS to
the TAG Lipidome is complete in its entirety as given in
Scheme 1, and the mass spectrum of any TAG may be repro-
duced from its equations. The BUS constitutes the first full so-
lution to the TAG Lipidome. 

FUTURE DIRECTIONS

Critical Ratios and their use in the BUS have been demonstrated
using APCI-MS of TAG. This solution is also applicable to data
obtained by ESI-MS. Since ESI-MS produces mostly the pro-
tonated molecule, with small abundances of [DAG]+ fragment
ions, the [MH]+/Σ[DAG]+ ratio is, of course, higher for ESI-MS
data, but as long as the Σ[DAG]+ is nonzero, the BUS may be
applied to the same Critical Ratios calculated from ESI-MS data
as from APCI-MS data. Alternatively, since ESI-MS mass spec-
tra never give a zero abundance of protonated molecule (whereas
APCI-MS spectra do), the completely bounded solution to the
TAG lipidome by ESI-MS would best be constructed using the
(Σ[DAG]+/[MH]+) ratio. This will give essentially the same con-
struct as the TAG lipidome by APCI-MS, but with the
(Σ[DAG]+/[MH]+) ratio having an inverse relationship to the
[MH]+/Σ[DAG]+ ratio. Nevertheless, as long as the Σ[DAG]+

fragments is not zero, the same set of ions (an [MH]+ and up to
three [DAG]+ fragment ions) can be used with the BUS for TAG
analysis by ESI-MS as was used for analysis by APCI-MS. Fur-
thermore, as several values obtained by ESI-MS in Table 1 show,
the [AA]+/[AB]+ ratio obtained by ESI-MS may be useful for
characterization of the regioisomers, just like the [AA]+/[AB]+

ratio obtained by APCI-MS. 
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Glycerophospholipids have some structural similarity to
TAG, because both classes of molecules have a three-carbon
glycerol backbone. This similarity is seen in the mass spectra
of glycerophospholipids. Most glycerophospholipids produce
a protonated molecule and one [DAG]+ fragment, which is the
same type of DAG fragment that is produced by TAG. It should
be obvious that these two ions could be represented by the
([MH]+/[DAG]+) ratio, and the abundances of the two ions
could be found using Scheme 1, Part I, just like a Type I TAG.
Furthermore, glycerophospholipids produce fragments ions by
loss of one fatty acyl chain as either an acid or a ketene (44).
Phospholipid fragments containing one FA, formed by loss of
one fatty acyl chain as an acid or a ketene (44), are analogous
to the [AA]+ or [AB]+ fragments from a Type II TAG, in that
the fragments provide information to allow identification of re-
gioisomers. It will be a very straightforward extension of the
BUS to construct Critical Ratios from phospholipids and
process them through a solution that will be very similar to this
original BUS, but that will be customized to identify the ions
observed from phospholipids. 

This solution to the TAG lipidome was referred to as the
BUS because it was accomplished through manual solutions to
every possible case. Once the complete solution was accom-
plished, trends within the equations were observed, and the
mathematical function behind those equations was developed.
The new function that describes all possible combinations of
two variables (abundances) interacting with each other is de-
fined as the Unit Simulacrum. Once the patterns within the
equations were recognized and the equations behind the equa-
tions were found, two more mathematically equivalent solu-
tions to the TAG lipidome were produced, which are referred
to as the term-wise simulacrum solution and the nested simu-
lacrum solution. Since these other solutions were arrived at by
using the equations behind the equations, it may be said that
these solutions were developed using a “top-down” approach.
These other solutions will be presented in another report. The
masses of the fragments have not been discussed, since they
are constant and are dictated by the identity of the TAG. For
instance, it is automatically known that the TAG POL will pro-
duce a [PO]+ fragment having m/z 577.5, a [PL]+ fragment hav-
ing m/z 575.5, an [OL]+ fragment having m/z 601.5, and a
[POL + H]+ ion having m/z 857.8. These m/z values do not
change and so do not need to be reiterated. It is the abundances
of the protonated molecule and the [DAG]+ fragment ions that
change and that are affected by unsaturation and by positional
placement of the FA on the glycerol backbone. It is these struc-
tural features that the Critical Ratios elucidate. As demon-
strated, these Critical Ratios can then be used to reconstruct the
appearance of the APCI-MS mass spectrum of any TAG.

CONCLUSION

The BUS represents the first complete solution to the TAG
lipidome. Critical Ratios have been defined that, used by them-
selves, provide direct information regarding the structural char-
acteristics of TAG (e.g., amount of unsaturation and positional

isomer distribution). Furthermore, these Critical Ratios consti-
tute a reduced data set from which the mass spectrum of any
TAG can be reproduced in its entirety. This reduced data set has
potential advantages for storage of library spectra. Normally, the
abundances of all four ions in the mass spectrum of a TAG would
be presented in tabular form to represent a mass spectrum. In
using the BUS, only three pieces of data are required (the three
Critical Ratios). This represents a saving of 25% (three values
needed instead of four) for ABC TAG. For ABA/AAB TAG,
only two critical ratios are necessary to provide all of the infor-
mation necessary to reproduce the mass spectrum, compared
with three abundance values that would be used to tabulate the
spectrum. This constitutes a data storage reduction by 33% (two
values needed instead of three) for ABA/AAB TAG. Since only
one critical ratio is necessary to describe the mass spectral abun-
dances of an AAA TAG completely, the BUS provides a 50%
saving in data storage space required (one value needed instead
of two). The benefit of reduced data storage requirements is in
addition to the benefits of being able to use the Critical Ratios
directly to determine the distribution of regioisomers and the de-
gree of unsaturation.

In the past, articles often presented tabulated abundances of
mass spectral ions (8,32,33,36,37), which could later be used
to calculate the ratio of [AA]+/[AB]+ abundances to allow the
positional isomer preference to be assessed (45). It has now
been demonstrated that it is possible to list Critical Ratios that
can be used directly to provide structural information (e.g., as-
sessing the degree of unsaturation or assigning positional iso-
mers) and that constitute a reduced data set that uses fewer val-
ues and therefore takes less space than conventional tabulated
mass spectra. It has been demonstrated that the mass spectrum
of any TAG can be reproduced from the Critical Ratios using
the BUS, which uses Critical Values and Critical Limits, and
an Interpretation Matrix, to define the Case of a TAG. Once the
Case of the TAG is defined, the exact equations used to calcu-
late the abundance of every ion in the mass spectrum are given
by the BUS. Finally, all of the spreadsheet formulas that are
necessary to implement the BUS have been provided. For the
automated spreadsheet implementation, the following spread-
sheet formulas are given: three formulas for Critical Limits,
five formulas for the Case classification process, and nine for-
mulas to calculate every possible [MH]+ or [DAG]+ fragment,
which represent the primary ions in an APCI-MS mass spec-
trum, for a Type I, II, or III TAG.
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ABSTRACT: The determination of FAME by GC is among the
most commonplace analyses in lipid research. Quantification of
FAME by GC with FID has been effectively performed for some
time, whereas detection with MS has been used chiefly for quali-
tative analysis of FAME. Nonetheless, the sensitivity and selectiv-
ity of MS methods advocate a quantitative role for GC–MS in
FAME analysis—an approach that would be particularly advanta-
geous for FAME determination in complex biological samples,
where spectrometric confirmation of analytes is advisable. To as-
sess the utility of GC–MS methods for FAME quantification, a
comparative study of GC–FID and GC–MS methods has been
conducted. FAME in prepared solutions as well as a biological
standard reference material were analyzed by GC–FID and
GC–MS methods using both ion trap and quadrupole MS systems.
Quantification by MS, based on total ion counts and processing
of selected ions, was investigated for FAME ionized by electron
impact. Instrument precision, detection limits, calibration behav-
ior, and response factors were investigated for each approach,
and quantitative results obtained by each technique were com-
pared. Although there were a number of characteristic differences
between the MS methods and FID with respect to FAME analysis,
the quantitative performance of GC–MS compared satisfactorily
with that of GC–FID. The capacity to combine spectrometric ex-
amination and quantitative determination advances GC–MS as a
powerful alternative to GC–FID for FAME analysis. 

Paper no. L9654 in Lipids 40, 419–428 (April 2005)

The first of many important advances in the early development
of GLC for analytical purposes was the separation and deter-
mination of FA reported by James and Martin in 1952 (1). Soon
after, the analytical separation of FAME by vapor-phase chro-
matography was described by Cropper and Heywood (2). Since
then, the characterization of FA composition by esterification
to FAME and subsequent determination by GC has become one
of the most widely performed analyses in lipid research labora-

tories and has found broad application to biochemical, biomed-
ical, microbiological, agricultural, and ecological research.

Presently, a large number of lipid analysts use the FID to
measure FAME separated by GC. Although FID has proven to
be a robust tool for FAME determination, the lack of any se-
lectivity can limit the usefulness of this detector when applied
to complicated samples, since only instrument response and re-
tention time information may be gathered. Owing in large part
to this limitation, misidentification of FAME in the presence of
contaminants, artifacts, or coeluting compounds is still of con-
cern when using FID (3–5). Thus, much work has been done to
maximize the usefulness of retention time for FAME identifi-
cation through methods such as retention time locking, reten-
tion time prediction, and the dependence of retention time on
FAME equivalent chain lengths (6–8); however, FAME identi-
ties assigned by such methods are generally considered tenta-
tive (9). Hence, FID analysis of complex biological extracts
may prove inadequate in some situations, particularly for
FAME of relatively low abundance (10).

With the coupling of MS methods to GC, much has been ac-
complished in the area of qualitative characterization of FAME
mixtures. Since GC–MS provides spectrometric information
on separated compounds, it provides a means of analyte selec-
tivity; thus, detection with MS also represents a potentially
powerful tool for quantitative analysis of FAME, especially in
the presence of a convoluted biochemical background. Despite
the prospective benefits of GC–MS methodologies for quanti-
tative FAME analysis, the more familiar FID is still favored in
many laboratories, particularly among lipid specialists.

GC–MS offers a host of tools for qualitative characteriza-
tion of FA. For example, standard 70 eV EI ionization of pico-
linyl, dimethyloxazoline, pyrrolidide, pentafluorodimethylsilyl,
and trimethylsilyl derivatives of FA has been extensively studied
for the purpose of structural determination (11–17). EI ioniza-
tion of these less common FA derivatives yields fragments of di-
agnostic value in locating the positions of branching and in some
cases the positions of unsaturation in FA (although the geomet-
ric configuration of the double bond is not forthcoming). 

The simplest method of FAME quantification by EI–MS
may be carried out by monitoring a range of mass-to-charge
(m/z) values that will encompass the fragments expected of the
analytes, then determining amount based on integration of
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peaks in the total ion count (TIC) chromatogram. If the identity
and retention time of a given analyte have been established, the
sensitivity and specificity of EI–MS can be extended through
the use of selective ion monitoring (SIM), which involves the
exclusive acquisition of a specified ion or group of ions during
a given time frame. When SIM is used in concert with EI, an
analyte peak area can be measured reliably regardless of high
background or coeluting peaks, provided that ions unique to
the analyte are monitored. Ideally, a fragment or fragments of
relatively high abundance and characteristic m/z would be
monitored. When entire mass spectra are acquired, benefits
similar to those offered by SIM may be gained through quan-
tification based on only a subset of the acquired ions extracted
from the TIC. This selected ion extraction (SIE) allows com-
plete spectra to be recorded and permits the exclusion of unde-
sirable masses for purposes of quantification. Both approaches
generally involve the use of relatively few ions for quantifica-
tion; thus, significant numbers of analyte ions are disregarded
and a corresponding loss of signal is experienced. Nonetheless,
the net result is an enhancement of the signal-to-noise ratio by
elimination of most nonanalyte response from the signal.

An investigation of the performance of FID vs. MS in quan-
tifying FAME separated by GC has not been conducted since
the work of Koza et al. in 1989 (18). These authors compared
FID response factors (RF) of FAME with those obtained using
EI in quadrupole (QP) as well as sector-type mass spectrome-
ters. Unfortunately, only seven FAME were examined, none of
which was polyunsaturated. In addition, the study provided no

information to users of ion trap (IT) MS systems (since this
form of MS was still a relatively recent development at that
time). Limits of detection (LOD), calibration behavior, and re-
producibility of the instrumental methods were not addressed.

The present study provides a comparison of GC–FID and
GC–MS techniques for quantitative FAME analysis. Using
both IT and QP MS systems, quantification methods based on
the TIC and selected ion techniques were applied to FAME ion-
ized by EI. LOD, calibration characteristics, RF, and method
precision for determination of a broad range of FAME were as-
sessed by analysis of standard mixtures with each detection
method. To determine the applicability of each approach to the
analysis of a biological sample, FAME were prepared from a
standard reference fish tissue homogenate with certified values
for a group of individual FA [NIST Standard Reference Mater-
ial (SRM) 1946] (19).

EXPERIMENTAL PROCEDURES

Calibration standards. A series of standard mixtures, includ-
ing all FAME listed in Table 1, was prepared in residue analy-
sis-grade hexane (EM Science, Gibbstown, NJ). These FAME
were selected for calibration because of their prevalence in the
tissues of fish and marine animals. The FAME were obtained
from Sigma-Aldrich (St. Louis, MO), Supelco (Bellefonte,
PA), Matreya (State College, PA), and Nu-Chek-Prep (Elysian,
MN), and were of the highest purity available. For each level
of calibration, all FAME were present at equal concentrations,
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TABLE 1
Analyte FAME Present in the Calibration Standards and Their Order of Elutiona

Elution FAME
order carbon numer Systematic name Common name

1 14:0 Tetradecanoic acid, methyl ester Methyl myristate
2 16:0 Hexadecanoic acid, methyl ester Methyl palmitate
3 16:1n-7 cis-9-Hexadecenoic acid, methyl ester Methyl palmitoleate
4 17:0 Heptadecanoic acid, methyl ester Methyl margarate
5 18:0 Octadecanoic acid, methyl ester Methyl stearate
6 18:1n-9 cis-9-Octadecenoic acid, methyl ester Methyl oleate
7 18:1n-7 cis-11-Octadecenoic acid, methyl ester Methyl cis-vaccenate
8 18:2n-6 cis,cis-9,12-Octadecadienoic acid, methyl ester Methyl linoleate

10 18:3n-3 cis,cis,cis-9,12,15-Octadecatrienoic acid, methyl ester Methyl linolenate
9 19:0 Nonadecanoic acid, methyl ester None

11 20:0 Eicosanoic acid, methyl ester Methyl arachidate
12 20:1n-9 cis-11-Eicosenoic acid, methyl ester Methyl gondoate
13 20:2n-6 cis,cis-11,14-Eicosadienoic acid, methyl ester None
15 20:4n-6 cis,cis,cis,cis-5,8,11,14-Eicosatetraenoic acid, methyl ester Methyl arachadonate
17 20:5n-3 cis,cis,cis,cis,cis-5,8,11,14,17-Eicosapentaenoic acid,

methyl ester EPA, methyl ester
14 21:0 Heneicosanoic acid, methyl ester None
16 22:0 Docosanoic acid, methyl ester Methyl behenate
18 22:1n-9 cis-13-Docosenoic acid, methyl ester Methyl erucate
19 22:4n-6 cis,cis,cis,cis-7,10,13,16-Docosatetraenoic acid,

methyl ester Methyl adrenate
20 22:5n-3 cis,cis,cis,cis,cis-7,10,13,16,19-Docosapentenoic acid,

methyl ester DPA, methyl ester
21 22:6n-3 cis,cis,cis,cis,cis,cis-4,7,10,13,16,19-Docosahexaenoic acid,

methyl ester DHA, methyl ester
aThe FAME of 21:0 was added pre-analysis as an internal standard. 



ranging from 0.02 to 100.0 µg/mL across the series. As an in-
ternal standard, 21:0 FAME was added to each mixture at a
concentration of 50.0 µg/mL. All standards were analyzed in
quadruplicate by GC–FID and each of the GC–MS methods. 

RF standard. A commercially available standard mixture of
37 FAME (Supelco) was used in the determination of RF. The
original solution was diluted 10-fold to give a final concentra-
tion of 1.0 mg/mL total FAME. The RF standard was also
spiked with the FAME of 21:0 to obtain a 50.0 µg/mL internal
standard concentration. This preparation was then analyzed in
quadruplicate by GC–FID and all GC–MS methods under
study. 

NIST SRM. The NIST SRM 1946 (Gaithersburg, MD), Lake
Superior fish tissue homogenate, was used to evaluate the use-
fulness of each method in analysis of a realistic sample (19).
The tissue homogenate was extracted using a Dionex ASE 200
accelerated solvent extractor (Sunnyvale, CA) (20). Conditions
similar to those previously described for lipid extraction were
used (21–27).

To prepare for extraction, the sample was removed from
−80°C storage and allowed to thaw. A 100-mg portion of the
tissue homogenate was weighed and combined with approxi-
mately 1 g hydromatrix drying agent (Varian, Walnut Creek,
CA). The tissue and hydromatrix mixture were transferred to
an 11-mL stainless steel extraction cell fitted with three cellu-
lose filters, and additional hydromatrix was added to fill the
cell. The sample was then extracted with 60% chloroform/40%
methanol (obtained, respectively, from EM Science and Fisher
Scientific, Fair Lawn, NJ) at 100°C and 13.8 MPa. Two static
extraction cycles were carried out, each 5 min in duration. Both
extraction solvents were residue-analysis grade and were
treated with 100 mg/L BHT as an antioxidant (Sigma). The
crude extract was dried by pouring it through a sintered glass
funnel containing several grams of anhydrous sodium sulfate
(J.T.Baker, Phillipsburg, NJ). This was followed by thorough
rinsing of the funnel with chloroform. The pooled dried extract
and rinsing were then concentrated to approximately 1 mL
under a stream of nitrogen using a TurboVap apparatus set at a
bath temperature of 50°C (Zymark, Hopkinton, MA). The ex-
tract concentrate was transferred to a round-bottomed reaction
vessel, and the remaining solvent was evaporated by imping-
ing with nitrogen. The recovered lipids were reconstituted in 1
mL 0.5 M methanolic KOH (VWR, West Chester, PA) and hy-
drolyzed at 80°C for 30 min. Once the reaction mixture had
cooled to room temperature, 1 mL of freshly opened 10% BF3
in methanol was added (Supelco). Transesterification was per-
formed at 100°C for 10 min. After cooling, 1 mL of distilled
water and 2 mL of hexane were added to the sample with vor-
texing. Following phase separation, the organic phase was col-
lected and transferred to a new vessel. The solvent exchange
was repeated with a fresh 2-mL portion of hexane. The recov-
ered organic phases were pooled, spiked with the methyl ester
of 21:0 to result in a final concentration of 50.0 µg/mL, and di-
luted to a total final volume of 10 mL with hexane. This sam-
ple was analyzed in quadruplicate by each detection method.

Instrumentation, chromatography, and detection methods.
FID analyses were performed with an HP 5890 Series II Plus
GC–FID system (Hewlett-Packard, Palo Alto, CA). The detec-
tor temperature was held at 300°C, and the flame was main-
tained with 30 mL/min H2 and 300 mL/min air. Helium was
used as the detector auxiliary gas at a flow of 30 mL/min. The
same GC system was also used for QP EI-MS analyses by
equipping the GC instrument described above with an HP 5970
MS. IT EI-MS analyses were carried out on a Varian CP-3800
GC equipped with a Varian Saturn 2200 MS. A 10-min solvent
delay was applied to all detection methods. On both GC instru-
ments, chromatography was carried out using a 60 m × 0.25
mm DB-23 capillary column with a film thickness of 0.25 µm
(Agilent Technologies, Wilmington, DE). Helium was used as
the carrier gas at a flow rate of 1.0 mL/min with constant flow
compensation. GC inlets were held at a temperature of 300°C,
and MS transfer lines were maintained at a temperature of
250°C. Sample injections of 1 µL were performed without split
for 30 s, followed by a 10:1 split ratio for the remainder of the
analysis. The oven temperature was programmed from 125 to
240°C at a rate of 3°C/min with a final hold of 1.67 min (the
total analysis time was 40.00 min). 

IT GC–MS was carried out using 70 eV EI, and these data
were evaluated using both TIC and SIE. Additionally, QP
GC–MS with 70 eV EI was carried out in full-scan acquisition
(with quantification based on the TIC) as well as in SIM mode.
All mass spectra were acquired over the m/z range of 40—400
except during SIM. A dwell time of 100 ms was used for all SIM
ions. Ions acquired during QP-SIM or processed in IT-SIE are
listed in Table 2. In all cases, the three most abundant ions were
monitored (SIM) or extracted (SIE) from the complete spectrum. 

RESULTS

Reproducibility, calibration, and LOD. Typical chromatograms
of a FAME calibration standard obtained by each instrumental
approach are shown in Figure 1. Although retention times and
chromatographic resolution are slightly different among the
methods (likely owing to the differing inlets, detector inter-
faces, and column ages involved), all analytes eluted under
comparable conditions regardless of the instrument involved. 

To compare the precision of each detection technique, the
mean area ratio (AR) of each analyte FAME with respect to the
internal standard was calculated based on the quadruplicate
analyses of a FAME standard of intermediate concentration (10
µg/mL). The variability about each mean was computed and
expressed as the relative SD (RSD). These results are provided
in Table 3 for a representative suite of FAME. The greatest re-
producibility was consistently achieved with detection by FID
and QP-SIM, with both techniques giving AR with variabili-
ties of less than 1% RSD for most FAME. Notable gains in pre-
cision were afforded by QP-SIM as compared with QP-TIC (on
average, about 0.9% RSD as compared with about 3% RSD);
however, this degree of precision enhancement was not fully
realized when IT-SIE was compared with IT-TIC. Although
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there are obvious differences in the response reproducibilities
among the different detection methods, essentially all of the re-
sults in Table 3 fall within a range of only a few percent RSD. 

For each quantification method, calibration curves for all
FAME were compiled by plotting the mean AR for the quadru-
plicate analyses as a function of FAME concentration. As a rep-
resentative example, the calibration curves for the 18:0 FAME
are shown in Figure 2. Whereas the FID exhibited a linear re-
sponse over the entire concentration range examined, each of
the MS methods was characteristically nonlinear to varying de-
grees. The MS method typically yielding the most nearly lin-
ear calibrations was QP-MS, where the range of linear response
was extended with the use of SIM. The IT-MS methods demon-
strated more pronounced departures from linearity under most
conditions. This was not unexpected, as ion losses are well
known to occur as a consequence of space charging when ions
are present in the trap at high concentration. For quantification
in subsequent experiments, a quadratic regression was used to

establish the nonlinear calibrations, whereas linear regressions
were used for calibration where appropriate.

The LOD was calculated for each calibrated FAME, based
on linear regression analysis of the AR vs. FAME concentra-
tion relationship. In this context, the LOD expressed in terms
of instrumental response, LODR, is given by:

LODR = b + 3sb [1]

where b is the y-intercept of the linear regression line and sb is
the SE of the intercept (28). Rewriting Equation 1 to give LOD
in terms of analyte concentration, LODC, and making the ap-
proximation that b approaches zero (which was, in fact, ob-
served in practice), we have:

[2]

where m is the slope of the linear fit. Since second-order regres-
sion was used to fit a number of the MS calibrations, the LOD
for all FAME were based on first-order regression of the low
concentration portions of all standard curves (i.e., the first four
standard levels detectable by a given method), a region in
which linear response was observed regardless of detection
method.

The resultant LOD values for a number of analyte FAME
are given in terms of both solution concentration and the corre-
sponding number of picomoles (Table 4). Each of the quantifi-
cation methods is fully capable of detecting low-picomole
amounts of a variety of FAME. Detection of subpicomole
quantities of almost all the FAME in Table 4 is readily accom-
plished by FID, with remarkably similar LOD observed for all
FAME considered; in general, however, MS quantification
methods proved to have LOD that were more sensitive to the
identity of the FAME being detected. Of the MS-based quan-
tification methods, QP-TIC generally had the highest LOD;
however, when this instrument was operated in SIM mode,
LOD were much improved (by as much as a factor of five), ri-
valing those of any other method. Figure 3 serves to underscore
the advantage of quantification by SIM as opposed to TIC
when using the QP instrument. For the IT instrument, however,
similar improvements in LOD were not achieved in SIE vs.
TIC modes. Thus, whereas quantification based on SIE in this
case yields marginal improvement in LOD as compared with
the TIC and still allows full-scan mass spectra to be acquired,
SIM offers much more significant improvements in the LOD
while precluding the acquisition of full-scan mass spectra. 

RF. To investigate the response dependence of each method
on the number of unsaturations as well as the FAME carbon
number, the mean response of each analyte with respect to the
internal standard was used to calculate the analyte RF accord-
ing to Equation 3: 

[3]

where the RF of an analyte (RFa) is given in terms of the ana-
lyte response (Ra), the internal standard response (Rs), and the

RFa
a s

s a

R C

R C
=

LODc
bs

m
=

3
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TABLE 2
Quantification Ions Used in SIM and SIEa

Quantification ions (m/z)

FAME QP-SIM IT-SIE

12:0 43 + 74 + 87 43 + 74 + 87
13:0 43 + 74 + 87 43 + 74 + 87
14:0 43 + 74 + 87 43 + 74 + 87
14:1n-9 41 + 55 + 74 41 + 55 + 67
15:0 43 + 74 + 87 43 + 74 + 87
15:1n-5 41 + 55 + 74 41 + 55 + 67
16:0 43 + 74 + 87 43 + 74 + 87
16:1n-7 41 + 55 + 69 41 + 55 + 67
17:0 43 + 74 + 87 43 + 74 + 87
17:1n-7 41 + 55 + 69 41 + 55 + 67
18:0 43 + 74 + 87 43 + 74 + 87
18:1n-9 trans 41 + 55 + 69 41 + 55 + 67
18:1n-9 cis 41 + 55 + 69 41 + 55 + 67
18:1n-7 41 + 55 + 69 41 + 55 + 67
18:2n-6 trans 41 + 55 + 67 67 + 81 + 95
18:2n-6 cis 41 + 55 + 67 67 + 81 + 95
18:3n-6 41 + 67 + 79 67 + 79 + 93
18:3n-3 41 + 67 + 79 67 + 79 + 93
19:0 43 + 74 + 87 43 + 74 + 87
20:0 43 + 74 + 87 43 + 74 + 87
20:1n-9 41 + 55 + 69 41 + 55 + 69
20:2n-6 41 + 55 + 67 67 + 81 + 95
20:3n-6 41 + 67 + 79 67 + 79 + 83
20:3n-3 41 + 67 + 79 67 + 79 + 93
20:4n-6 41 + 67 + 79 67 + 79 + 91
20:5n-3 41 + 79 + 91 67 + 79 + 91
21:0 43 + 74 + 87 43 + 74 + 87
22:0 43 + 74 + 87 43 + 74 + 87
22:1n-9 41 + 55 + 69 41 + 55 + 69
22:2n-6 41 + 55 + 67 67 + 81 + 95
22:4n-6 41 + 67 + 79 67 + 79 + 91
22:5n-3 41 + 67 + 79 67 + 79 + 91
22:6n-3 67 + 79 + 91 67 + 79 + 91
23:0 43 + 74 + 87 43 + 74 + 87
24:0 43 + 74 + 87 43 + 74 + 87
24:1n-9 43 + 79 + 91 41 + 55 + 69
aFAME listed here but absent from Table 1 were unique to the response fac-
tor standard. SIM, selective ion monitoring; SIE, selected ion extraction; QP,
quadrupole; IT, ion trap.



concentrations of the analyte and the internal standard (Ca and
Cs, respectively). RF for a representative sampling of FAME
are shown for each instrumental approach in Figure 4.

An often-held assumption among lipid analysts is that, in an
FID chromatogram, the peak area of an analyte FAME (AFAME)
divided by the total peak area of all FAME (ΣAFAME) is equal
to the ratio of the corresponding analyte FA mass (mFA) to the
total mass of FA present in the sample (ΣmFA):

[4]

This statement is clearly based on a number of assumptions,
not the least of which is that for the FID, the relative responses
toward all FAME are equal. The present results, however, are
in agreement with a number of contrary findings that attest to
the questionable legitimacy of Equation 4 (29–31). That the

FID responses toward all FAME cannot be assumed equivalent
may be argued strictly in terms of the mechanism of detection.
In FID, the production of CHO+ ions, which are collected by
the cathode and thus generate the detected current, is propor-
tional to the number of carbon–hydrogen bonds introduced to
the flame. Since carbonyl carbons are not FID susceptible, it
would follow that for an equal mass of two different FAME,
the FAME of lower carbon number would have the smaller RF
owing to a higher proportion of FID-inactive carbon. Hence,
the FID RF for FAME are expected to depend on both the car-
bon number and the number of unsaturations of the analyte
FAME in question. The FID RF shown in Figure 4 reinforce
this point, clearly illustrating the predicted relationships. In
practice, a number of additional factors prevent the FAME area
percentage from equating to mass percentage; for example, in-
jector bias results in a lesser percentage of more volatile com-

A

A

m

m
FAME

FAME
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FIG. 1. Gas chromatograms of a FAME calibration standard with detection by FID (a), quadrupole (QP) MS (b), and
ion trap (IT) MS (c). For (b) and (c), the total ion counts (TIC) are shown for m/z 40–400. All FAME were present at
50.0 µg/mL. The peaks numbered in (a) correspond to the compounds listed in Table 1. The same order of elution
applies to (b) and (c). The internal standard is labeled with an asterisk.



pounds being successfully loaded on-column (9,30,32). This
phenomenon was likely responsible for the reduced FID RF for
the 20:0 FAME seen in Figure 4(a). 

Unsurprisingly, the MS detectors also have RF that are sen-
sitive to the identity of the analyte, albeit in these cases the re-
lationships between RF and carbon number or unsaturation
number are more varied. The QP RF, for example, showed rel-
atively little variability as a function of carbon number and had
less scatter than FID; in the case of QP-SIM, the RF were re-
produced with exceptional precision. The QP RF, however, ex-
perienced a steep reduction with the addition of even a single
double bond, with additional but smaller reductions following
with additional degrees of unsaturation. The only significant
difference between QP-TIC and QP-SIM appeared to be a mat-
ter of precision. For IT-TIC, as in FID, the RF were directly
proportional to carbon number and were diminished with in-
creasing unsaturation number, although the range of RF was
broader (about 0.6 to 1.1 for IT-SIE as opposed to a range of
roughly 1.0 to 1.2 for FID). The RF for IT-SIE, though, did not

appear to be predictably dictated by either carbon number or
degrees of unsaturation. Interestingly, the same ions were ex-
tracted to produce the IT-SIE data as were monitored by QP-
SIM, but very different trends in RF were observed, illustrating
the impact that continuously sorted ions (QP-SIM) vs. selected
extraction of trapped and sequentially released ions (IT-SIE)
can exert upon quantification. 

NIST SRM. The analyte concentrations determined in the
quadruplicate analyses of the NIST SRM extract were aver-
aged, and the FA quantities were expressed in terms of the TG
mass percentage in tissue such that direct comparison of the
present results with the standard reference values reported by
NIST was possible. These results for each detection technique
are summarized in Figure 5. For the majority of the analytes
(of which the NIST-certified FA are shown in Fig. 5), most FID
and MS results were found to be in good agreement with the
NIST SRM values (i.e., to within the SE of the measurements). 

The procedure used for extraction of the SRM was signifi-
cantly different from that used by NIST to characterize the
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TABLE 3 
Reproducibility of FAME Response by the Various Methodsa

FID QP-TIC QP-SIM IT-TIC IT-SIE

FAME Mean AR RSD (%) Mean AR RSD (%) Mean AR RSD (%) Mean AR RSD (%) Mean AR RSD (%)

14:0 0.154 1.26 0.146 2.44 0.181 0.67 0.155 3.94 0.272 3.01
16:0 0.165 0.79 0.151 4.29 0.180 0.66 0.179 4.22 0.276 3.74
16:1n-7 0.165 0.44 0.130 2.14 0.089 0.34 0.180 4.03 0.103 3.84
18:0 0.163 0.62 0.151 3.88 0.167 0.87 0.182 3.14 0.251 2.97
18:1n-9 0.171 0.62 0.135 2.95 0.085 0.96 0.194 3.82 0.159 3.52
18:2n-6 0.159 0.55 0.112 2.98 0.074 1.10 0.171 4.19 0.215 3.22
18:3n-3 0.171 0.22 0.108 3.33 0.077 0.99 0.160 3.71 0.176 3.45
22:1n-9 0.180 0.55 0.146 2.27 0.092 0.39 0.163 0.98 0.126 2.34
22:4n-6 0.179 0.46 0.107 3.54 0.070 1.14 0.131 2.85 0.130 0.13
22:5n-3 0.136 2.18 0.072 5.34 0.052 1.34 0.084 6.66 0.101 2.44
22:6n-3 0.158 2.10 0.083 2.23 0.061 1.69 0.102 3.76 0.118 1.58
aIn all cases, the mean area ratio (AR) vs. the internal standard and relative standard deviation (RSD) of the AR are based on
quadruplicate analyses of a 10 µg/mL standard FAME mixture. TIC, total ion counts; for other abbreviations see Table 2.

TABLE 4
Limits of Detection (LOD) for a Suite of the Standard FAME as Determined by the Various Methods of Analysisa

FID QP-TIC QP-SIM IT-TIC IT-SIE

LOD LOD LOD LOD LOD LOD LOD LOD LOD LOD
FAME (µg/mL) (pmol) (µg/mL) (pmol) (µg/mL) (pmol) (µg/mL) (pmol) (µg/mL) (pmol)

14:0 0.12 0.50 0.61 2.52 0.11 0.45 0.20 0.83 0.09 0.37
16:0 0.05 0.19 0.47 1.74 0.16 0.59 0.20 0.74 0.08 0.30
16:1n-7 0.11 0.41 0.86 3.21 0.18 0.67 0.23 0.86 0.15 0.56
18:0 0.13 0.44 0.64 2.15 0.21 0.70 0.19 0.64 0.09 0.30
18:1n-9 0.16 0.54 0.56 1.89 0.23 0.78 0.32 1.08 0.17 0.57
18:1n-7 0.15 0.51 0.58 1.96 0.23 0.78 0.34 1.15 0.81 2.74
18:2n-6 0.13 0.44 0.92 3.13 0.25 0.85 0.28 0.95 0.20 0.68
18:3n-3 0.14 0.48 1.15 3.94 0.27 0.92 0.24 0.82 0.19 0.65
20:0 0.15 0.46 0.40 1.23 0.23 0.71 0.26 0.80 0.15 0.46
20:1n-9 0.12 0.37 0.52 1.60 0.24 0.74 0.38 1.17 0.18 0.56
20:2n-6 0.11 0.34 0.47 1.46 0.24 0.75 0.40 1.24 0.19 0.59
22:1n-9 0.14 0.40 0.81 2.30 0.20 0.57 0.53 1.51 0.23 0.65
22:4n-6 0.32 0.92 0.65 1.88 0.20 0.58 0.44 1.27 0.42 1.21
22:5n-3 0.24 0.70 0.85 2.47 0.22 0.64 0.50 1.45 0.55 1.60
22:6n-3 0.54 1.58 0.21 0.61 0.25 0.73 0.78 2.28 0.52 1.52
aFor abbreviations see Table 2.



sample. The present method made use of high-pressure, high-
temperature accelerated solvent extraction with chloroform/
methanol, employing less than 20 mL of solvent to extract 100
mg of tissue homogenate in roughly 20 min. By contrast, the
SRM values were determined by 18–24 h Soxhlet extractions
of 2.5 g tissue homogenate samples with hexane/acetone. Al-
though the performance of accelerated solvent extraction for
lipid extraction has been addressed elsewhere and deemed sat-

isfactory (21–27), these different approaches may be partly re-
sponsible for some of the minor discrepancies between the pre-
sent results and the NIST SRM certified values; however, since
the same extract was analyzed by all methods, the results are
indeed suitable for direct comparison among the various quan-
tification methods.

Overall, these results demonstrate that appropriately chosen
and properly calibrated MS detection methods are capable of
producing accurate quantitative results for FAME in a biologi-
cal sample that are of comparable quality to those produced by
the more traditional FID. 

DISCUSSION

The present findings demonstrate that, although FID and vari-
ous MS techniques exhibit distinct behavior where response to
FAME for quantification is concerned, the use of calibration
with internal standardization allows the application of MS to
quantitative FAME analysis with adequate precision, low LOD,
and accurate quantitative results. The hallmarks of FID perfor-
mance in FAME quantification include a broad range of linear
response, excellent precision, and subpicomole LOD. Of
course, the main limitation of this detector is that the response
is nonspecific and provides no information on the identity of
the analyte. 

Overall, the best MS performance was obtained using the
QP instrument operated in SIM mode. Although some selec-
tivity was afforded by virtue of the monitoring of selected ions,
the ability to acquire complete mass spectra was precluded.
Whereas this may be satisfactory for quantitative analysis of
well-characterized samples, samples of unknown FAME com-
position should be screened with full-scan MS prior to SIM
analysis for quantification. QP-SIM allowed better linearity of
response and better precision when compared with acquisition
of TIC on the same instrument and when compared with the IT
instrument. Subpicomole LOD were also obtainable in SIM
mode, a marginal improvement in the TIC LOD (typically, a
few picomoles). Even so, it should be noted that the majority
of these results occur within a rather small range regardless of
detection method, with each method being capable of a level
of performance that is acceptable for many applications.

The response of the IT instrument was less linear and, as has
been reported, gave slightly different spectra from those pro-
duced using QP instruments (33). The main advantage of the
IT instrument was that acquisition of full-scan mass spectra
(IT-TIC) gave better quantitative performance than the QP-
TIC; thus, although QP-SIM offered the best MS performance
overall, IT-TIC was superior to QP-TIC for quantification with
full-scan acquisition. The IT-MS analysis also afforded the
ability to collect full spectra, yet still offered the capability to
extract ions for a given analyte later if enhanced signal-to-noise
was needed. Indeed, SIE of FAME chromatograms did allow
some improvement in LOD and method precision. 

These results also support the need for rigorous calibration,
irrespective of the detection method chosen. Whereas appro-
priate calibration is particularly critical for MS work, the as-
sumption of uniform FID RF is also inadequate for precise
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FIG. 2. Calibration curves for the 18:0 FAME as determined by FID (a),
QP-MS (b), and IT-MS (c). Error bars, where large enough to be visible,
represent the SD. SIM, selective ion monitoring; SIE, selected ion ex-
traction; for other abbreviations see Figure 1.



quantitative work. If this approach is used, determinant errors
are introduced that may be significant depending on the appli-
cation. 

The sensitivity and selectivity of GC–MS make it an advan-
tageous platform for FAME quantification, despite its obvious
absence from discussions on FAME quantification in even rel-
atively recent reviews on the subject of FA analysis (9,29,34).
In addition to providing several acceptable options for quantifi-
cation of FAME, GC–MS offers two powerful advantages over
FID: the ability to confirm the identity of analytes based on
spectral information in addition to retention time, and the abil-
ity to separate peaks from a noisy background or coeluting
peaks if unique ions are available. These characteristics, taken
together with good quantitative performance and the wide-
spread availability of GC–MS instruments such as those de-
scribed here, offer compelling motivation to predict that
GC–MS will eventually become a far more widely exploited
alternative to GC-FID for FAME analysis, both quantitative
and qualitative. 
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FIG. 5. Mean mass percentage (as TG) of representative certified FA in the NIST Standard Ref-
erence Material (SRM) 1946 as determined by each method. Error bars represent the SD, ex-
cept for those associated with the NIST SRM values; for these values, the error bars represent
the uncertainties reported by NIST. For other abbreviations see Figure 2.



ABSTRACT: The application of supercritical fluid chromatog-
raphy (SFC) coupled with a UV variable-wavelength detector to
isolate the minor components (carotenes, vitamin E, sterols, and
squalene) in crude palm oil (CPO) and the residual oil from
palm-pressed fiber is reported. SFC is a good technique for the
isolation and analysis of these compounds from the sources
mentioned. The carotenes, vitamin E, sterols, and squalene
were isolated in less than 20 min. The individual vitamin E iso-
mers present in palm oil were also isolated into their respective
components, α-tocopherol, α-tocotrienol, γ-tocopherol, γ-to-
cotrienol, and δ-tocotrienol. Calibration of all the minor com-
ponents of palm as well as the individual components of palm
vitamin E was carried out and was found to be comparable to
those analyzed by other established analytical methods.

Paper no. L9679 in Lipids 40, 429–432 (April 2005).

Crude palm oil (CPO) consists of mainly glycerides (TG,
>90%; DG, 2–7%; and MG, <1% ), FFA (3–5%), and about 1%
minor components such as carotenoids (500–700 ppm), vita-
min E (600–1000 ppm), sterols (250–620 ppm), and squalene
(200–600 ppm) (1). These minor components are also present
in palm fiber oil (PFO) but in a much higher concentration:
carotenoids (4000–6000 ppm), vitamin E (2000–4000 ppm),
sterols (4000–6500 ppm) (2). All these components have im-
portant physiological properties, such as being antioxidative,
anticareinogenic, and hypocholesterolemic (3–12).

Various chromatographic and analytical techniques have
been reported for the isolation and analysis of these minor
components: vitamin E by HPLC using fluorescence detec-
tion, squalene and sterols by GC-FID after saponification, and
total carotenes by UV-vis spectrophotometry (5,13–16).
Chromatographic isolations, e.g., by HPLC and GC, of simi-
lar compounds from sources other than palm oil also have
been reported (5,13–16). 

Although supercritical fluid chromatography (SFC) was
reported more than 20 years ago, its advantages have only re-

cently been realized. The unique properties of supercritical
fluid as a mobile phase in SFC overcome the difficulties of
solute thermal instability and volatility encountered in GC
and also shorten the relatively longer analysis times of HPLC
separations (17). The comparatively lower operating temper-
ature of SFC over GC gives the advantage of preserving the
heat-labile compounds in palm oil. Thus, the deterioration of
minor components in palm oil caused by thermal degradation
can be minimized or avoided. The growth in popularity of
SFC as an analytical tool has been slow because some techni-
cal deficiencies, such as injection methods, flow restrictors,
and interfaces between the supercritical fluid chromatograph
and detectors, needed be addressed before it could be more
widely used.

Although the SFC of carotenes, vitamin E, and sterols has
been reported in the past, it should be noted that most of these
separations were carried out using model mixtures, thereby
eliminating interference from other compounds that would be
present should a real sample matrix be used (18,19). More-
over, successful SFC separations of real samples also differed
from one type of oilseed to another, as the types of minor
components present were not similar. In addition, the choice
of a capillary or packed column influences the choice for SFC
as a separation tool. Packed-column SFC has only recently
gained popularity because of the rapid development of
packed-column technologies in recent years.

The detection of solutes from SFC separations has been re-
ported using detectors such as flame ionization, NMR, evap-
orative light-scattering, and IR (17–19). However, a UV vari-
able-wavelength detector was chosen in this study, as the λmax
of the solutes indicates the identity of the minor components
eluted. This is because the minor components in palm absorb
UV at different wavelengths: carotenes at 446 nm, vitamin E
at 291 nm, sterols at 220 nm, and squalene at 220 nm.

Previously, Ng and fellow researchers (20) reported the
SFC separation of tocols from palm oil using both silica and
diol columns. To date, a successful single SFC separation of
carotenes, vitamin E, sterols, and squalene from any real sam-
ple matrix has not been reported. This paper now reports the
SFC separation and quantification of these four minor oilseed
components from both CPO and PFO.
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EXPERIMENTAL PROCEDURES

Apparatus. A JASCO Model SUPER-200 SFC system with a
UV-970 variable-wavelength UV/vis detector equipped with
high-pressure flow cells was used.

Materials. CPO was obtained from Keck Seng (Malaysia)
Berhad (Johor, Malaysia). Palm pressed fiber was obtained
from the MPOB Experimental Mill (Negri Sembilan,
Malaysia). The fiber was extracted for its oil by soaking it in
hexane for 16 h. 

All solvents used were of either chromatography or analyti-
cal grade and were purchased from Merck (Darmstadt, Ger-
many), J.T.Baker (Phillipsburg, NJ), or HmBG (Hamburg, Ger-
many). Solvents used for chromatography were degassed be-
fore use. CO2 (99.995%) was purchased from Malaysian
Oxygen Berhad (Kuala Lumpur, Malaysia).

Squalene, β-carotene, β-sitosterol, and α-tocopherol stan-
dards were purchased from Sigma-Aldrich (St. Louis, MO).
Tocotrienol standards were obtained from Calbiochem (San
Diego, CA).

Preparation of the unsaponifiable sample. Approximately 5
g of CPO was saponified with 5 mL of 50% ethanolic KOH and
1 g of pyrogallol (which acts as an antioxidant) by heating it in
the dark under nitrogen flushing using a steam bath for 1 h. The
saponified sample was then cooled to room temperature and
extracted using a 50-mL portion of a single-phase system of
10% distilled water in n-hexane until the supernatant turned
colorless. The pooled hexane extracts were washed with 50-
mL portions of 10% ethanol in distilled water until the washed
water turned neutral. The extract was then taken to dryness
using a rotary evaporator and was further dried under vacuum. 

The same saponification procedure was repeated using 3 g
of PFO. 

The yield of unsaponifiable sample from 5 g of CPO was
0.1 g, or 2%, whereas the yield from 3 g of PFO was 0.08 g, or
2.7%. Each unsaponifiable sample from CPO and PFO was dis-
solved in dichloromethane and injected into a supercritical fluid
chromatograph, a high-performance liquid chromatograph, or
a gas chromatograph after silylation for further analysis of
sterols. Wavelengths for the detection of minor components
were: carotenes, 446 nm; vitamin E, 291 nm; sterols, 220 nm;
and squalene, 220 nm.

SFC. SFC was carried out using a 5-µm, 4.6 × 250 mm
LiChrosorb® 60A Silica analytical column (Merck), with a
flow rate of 3.12 mL/min CO2 with 4% ethanol as entrainer
under 180 kg/cm2 pressure at 50°C. The loop at the injector
port was 20 µL.

HPLC. Analysis of vitamin E was also carried out using
HPLC coupled with a fluorescence detector (λex: 295 nm; λem:
325 nm) to compare the results obtained by SFC. A
LiChrosorb® 60A Silica analytical column (Merck), 4.6 mm
i.d. × 250 mm length, was used. The mobile phase was
hexane/THF/isopropanol (1000:60:4) at 1 mL/min. 

GC. Results obtained from the analysis of squalene and
sterols using SFC were compared with those obtained using a
known GC method. Samples for GC analyses were prepared

by adding 0.3 mL of 30% N,O-bis(trimethylsilyl) trifluoro-
acetamide in dichloromethane to a weighed sample (ca. 0.02 g).
The solution was brought up to 1.5 mL using dichloromethane.
Thereafter, the sample mixture was heated at 60°C for 2 h before
injection into the gas chromatograph-FID.

A Hewlett-Packard 5890 Series II Plus gas–liquid chro-
matograph was used. The column used was an SGE 15 m ×
0.32 mm i.d. BPX5 0.25 µm capillary column (SGE, Mel-
bourne, Australia); the initial oven temperature was set at
100°C for 1 min and increased to 400°C at the rate of
10°C/min. The injector and detector temperatures were set at
370°C. The oven equilibrium time was 3 min under a pressure
of 6.60 psi. The carrier gas (helium) was set at flow velocity
ranges of 1.99–2 mL/min/cm/s. The range of split ratio be-
tween the compressed air and H2 gas was 0.0–1. 

Quantification of carotene, vitamin E, sterols, and squalene.
Standard curves of the vitamin E standards (α-tocopherol, α-
tocotrienol, γ-tocopherol, γ-tocotrienol, and δ-tocotrienol) were
obtained by injecting different concentrations of the standard
into the supercritical fluid chromatograph. Peak areas were ob-
tained, and calibration graphs were then plotted.

Similar steps were applied for the squalene and sterols,
which were calibrated as β-sitosterol. Statistical data from the
analysis were obtained based on the results of 15 repetitive
analyses.

The total carotene content was confirmed using the estab-
lished method of UV-vis spectrophotometry, by which its spec-
tra and absorbance were obtained at 446 nm.

RESULTS AND DISCUSSION 

The isolation of minor components of palm using SFC is a
more straightforward method than other procedures. Conven-
tional analyses of palm minor components are tedious, as dif-
ferent techniques such as UV-vis spectrophotometry, HPLC,
and GC are necessary to quantify all four minor components of
palm in just one sample. Because different analyses require dif-
ferent sample preparations, such as silylation, to convert the
nonvolatile compounds to their more volatile derivatives for
GC analyses, the whole procedure is time-consuming and
labor-intensive. Using SFC, sample preparation, which takes
less than 5 min, is carried out only once, thus saving time and
labor. Moreover, isolation of the minor components of palm oil
by SFC can be accomplished in less than 20 min (Fig. 1). This
is much shorter than HPLC and GC, which takes 45 min to
complete. 

Figure 1 shows the SFC chromatograms of carotenes, vita-
min E, sterols, and squalene in CPO and PFO, respectively.
Squalene was eluted first, as observed at a wavelength of 220
nm. The amounts of squalene in CPO and PFO were 600 ± 10
and 1730 ± 30 ppm, respectively. The results obtained by the
SFC analysis were comparable to those obtained by GC.

Carotenes were eluted as total carotenes, as observed at 446
nm. This was chosen as the wavelength of palm carotenes since
it corresponds to the wavelength with maximal absorption in
the UV. The amount of carotenes in palm oil was calibrated as
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total β-carotene since it is the major carotene present in palm
oil. The total carotenes in CPO were 550 ± 10 ppm, whereas
they were 2400 ± 30 ppm in PFO. Using UV-vis spectrometry,
the total carotenes in CPO and PFO were 600 ± 20 and 2290 ±
190 ppm, respectively. These results are in agreement with the
results obtained by SFC.

Since vitamin E isomers have their maximal absorbance
(fluorescence) at 291 nm, this wavelength was chosen for quan-
tification of the vitamin E isomers. At 291 nm, the vitamin E
isomers in palm oil were separated into five components, with
α-tocopherol as the first vitamin E isomer to be eluted, fol-
lowed by α-tocotrienol, γ-tocopherol, and γ-tocotrienol, with
δ-tocotrienol as the last. Figure 2 shows the SFC chromato-
grams of vitamin E isomers in the CPO and PFO unsaponifi-
able samples at 290 nm. The concentrations of the five types of

vitamin E isomers detected in CPO and PFO are presented in
Table 1 and compared with HPLC analyses. There was a dis-
tinct difference in the concentrations of the vitamin E isomers
analyzed by SFC and HPLC. Analyses carried out using SFC
gave higher concentrations than those by HPLC. This can be
attributed to the fact that in HPLC, vitamin E is destroyed due
to prolonged exposure to organic solvents. Because SFC uses
supercritical carbon dioxide (SC-CO2) as the mobile phase, the
oxidation of minor components of palm (especially vitamin E
isomers) is avoided because SC-CO2 is nondestructive. Other
organic solvents used with HPLC or other chromatographic
methods have been shown to degrade the tocols.

Sterols were the last to be eluted by SFC and were quanti-
fied as total β-sitosterol, as this is the major sterol present in
palm oil. The concentrations of total sterols in CPO and PFO
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FIG. 1. Supercritical fluid chromatogram of crude palm oil (CPO) and
palm fiber oil (PFO) unsaponifiable matter at 210 nm. CPO (A) and PFO
(B) unsaponifiable matter was separated by supercritical fluid chroma-
tography (SFC) with a LiChrosorb® 60A Silica column (4.6 mm i.d. ×
250 mm length; Merck, Darmstadt, Germany) at 180 kg/cm2 and 50°C.
The compounds separated were: 1, squalene; 2, carotenes; 3, vitamin
E; and 4, sterols.

FIG. 2. Supercritical fluid chromatogram of vitamin E in CPO and PFO
at 291 nm. Vitamin E in CPO (A) and PFO (B) was separated by SFC
with a LiChrosorb 60A Silica column (4.6 mm i.d. × 250 mm length;
Merck) at 180 kg/cm2 and 50°C. α-T, α-tocopherol; α-T3, α-tocotrienol;
γ-T, γ-tocopherol; γ-T3, γ-tocotrienol, and δ-T3, δ-tocotrienol. For other
abbreviations see Figure 1.

TABLE 1
Concentration of Vitamin E in Unsaponifiable Samples of Crude Palm Oil (CPO) and Palm Fiber Oil (PFO)a

Concentration (ppm) recovered from

SFC HPLC
PFO CPO PFO CPO

α-Tocopherol  1260 ± 50 300 ± 40  1250 ± 70 310 ± 70
α-Tocotrienol 260 ± 10 230 ± 20 230 ± 40 240 ± 5
γ-Tocopherol    80 ± 5   20 ± 5 100 ± 20 10 ± 10
γ-Tocotrienol   480 ± 30 540 ± 30    350 ± 30 460 ± 30
δ-Tocotrienol 200 ± 50 90 ± 10 160 ± 10 100 ± 70

Total 2280 ± 145 1180 ± 105 2090 ± 170 1120 ± 185
aResults obtained by calibration with authentic standards using both supercritical fluid chromatography (SFC) and HPLC.



were 180 ± 10 and 2410 ± 50 ppm, respectively. GC-FID is an
established method for the quantification of sterols by which
the individual sterols can be calibrated (2). Table 2 shows GC
results for the quantification of individual sterols. The results
obtained by SFC for the determination of total sterols were
comparable to those obtained by GC.

In conclusion, SFC can be applied for the isolation of minor
components of palm oil, as SFC results for the isolation of
these compounds are comparable to those obtained by known
methods. 
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TABLE 2
Concentration of Individual Sterols Analyzed by GCa

Concentration (ppm)

CPO PFO

Cholesterol 60 620
Stigmasterol 30 340
β-Sitosterol 60 300
Campesterol 80 990

Total 230 2250
aBreakdown of the sterol composition of CPO and PFO as analyzed by GC.
In contrast, the composition of sterols for SFC is reported in this paper as
total sterols. For abbreviations see Table 1.



ABSTRACT: Nonesterified FA (NEFA) are a major fuel source
for humans at rest and during moderate exercise. The effect of di-
etary antioxidant restriction on plasma NEFA levels and exercise
performance in trained athletes was examined. Seventeen ath-
letes followed a 2-wk restricted-antioxidant (R-AO) diet, which
resulted in a threefold reduction in antioxidant intake (ascorbic
acid, 139 to 49 mg; β-carotene, 5093 to 1142 µg) and a signifi-
cant (P = 0.001) reduction in the plasma NEFA. The amount and
types of fat consumed were not different between the R-AO and
habitual diets. Exercise time to exhaustion was not affected by
the R-AO diet, but rating of perceived exertion (RPE) was signifi-
cantly (P = 0.03) elevated. The increase in RPE may have oc-
curred as a result of the R-AO diet and subsequent reduction in
plasma NEFA; however, further research is required to confirm
this conclusion.

Paper no. L9675 in Lipids 40, 433–435 (April 2005).

Nonesterified FA (NEFA) are a major fuel source for humans
at rest and during exercise (1–4). Thus, a reduced availability
of NEFA may influence exercise performance (5). A number
of factors are known to influence an individual’s available FA
and ability to oxidize them as a fuel. These include exercise in-
tensity and duration (4,6), training status (7,8), total and lean
body weight (9), and diet.

Dietary intakes of fat and carbohydrate are known to influ-
ence plasma NEFA (10) and fat oxidation rates (11), which is
where most researchers have focused their attention. 

We previously reported that a restricted-antioxidant (R-AO)
diet increases oxidative stress and increases the rating of per-
ceived exertion (RPE) of athletes completing a 30 min submax-
imal run (12). Since NEFA has a significant role in exercise
metabolism, the present study examined the effects of an R-AO
diet and subsequent increase in oxidative stress on plasma
NEFA levels and exercise performance in trained athletes. 

EXPERIMENTAL PROCEDURES

Subjects. Healthy, well-trained male endurance-running ath-
letes (n = 17) were recruited to participate in the study. All sub-
jects were between 18 and 35 yr, were nonsmokers, and for at
least 3 mon before the study had not taken any vitamin or min-

eral supplements or medication. The study was approved by
the Human Research Ethics Committee of the University of
Newcastle. 

Study design. The study design has been described in detail
previously (12). Briefly, subjects were required to attend the
laboratory on three occasions. During the first visit, height,
weight, skinfold thickness, and maximal oxygen uptake
(VO2max) were measured. The VO2max was conducted using
an incremental treadmill test to exhaustion. Before visits two
and three, subjects completed a 4-d weighed-food record. Sub-
jects followed their habitual (H-AO) diets prior to visit two and
a restricted-antioxidant (R-AO) diet for 2 wk between visits two
and three. During visits two and three, subjects were required
to undertake a running test to exhaustion (30 min 60% VO2
max, incremental to exhaustion) and provided blood samples
for analysis of plasma NEFA. Four blood samples were col-
lected: (i) at rest, (ii) after 30 min of submaximal exercise, (iii)
immediately post high-intensity exhaustive exercise, and (iv)
after 1 h of recovery. Time to exhaustion and Borgs RPE (13)
were also measured. 

The R-AO diet required participants to limit fruit and veg-
etables to one and two servings per day, respectively, and to
avoid other foods high in antioxidants including tea, offal meat,
wheat germ oil, and cod liver oil. Record et al. (14) used this
protocol and reduced plasma concentrations of antioxidants in
a 2-wk period. Participants in the present study were also en-
couraged to replace whole-grain breads and cereals with more
processed varieties and to avoid antioxidant additives in
processed foods.

NEFA analysis. NEFA were determined using the method
established by Welz et al. (15). To 75 µL of plasma was added
2.5 mL of methanol/toluene (50:1 vol/vol) along with 75 µL of
21:0 free acid (0.04 mg/mL) as an internal standard, and then
vortexed vigorously. To promote methylation, samples were
incubated at 25°C for 45 min; this mixture was vortexed vigor-
ously for 5 min, and then 1.25 mL of 6% K2CO3 was slowly
added to stop the reaction. Hexane (75 µL) was added to the
sample, which was then vortexed for 2 min and centrifuged at
3000 × g at 4°C for 10 min to facilitate separation of layers.
The latter two processes were conducted a second time to en-
sure the separation of layers. The upper hexane layer (approxi-
mately 100 µL) containing the FAME was then transferred to a
2-mL glass vial, containing a 200-µL high-recovery insert, and
crimp-sealed with a Teflon-lined cap for subsequent analysis
by GC using a 30 m × 0.25 mm (DB-225) fused carbon-silica
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column, coated with cyanopropylphenyl (J&W Scientific, Fol-
som, CA).

Statistical analysis. FA data were analyzed by repeated-
measures analysis using the PROC MIXED model of SAS
(1996; SAS Institute, Cary, NC). The MIXED model procedure
was used to account for covariation within and between sub-
jects over time (16). The MIXED model procedure of SAS pro-
vides a range of covariance structures to model for covariation.
Once the covariance structure was modeled, inferences about
fixed effects were established as generalized least squares (LS)
means and SE estimates for intervention and time differences
(16). The study has a power of 80% to detect differences in
means. Statistical significance was set at P ≤ 0.05.

RESULTS

Seventeen subjects completed the study; one athlete withdrew
prior to the second visit because of injury. Subject physical
characteristics, dietary intake, F2-isoprostane levels, antioxi-
dant biomarkers, and physical performance indicators have
been reported previously (12). 

Plasma concentrations of NEFA and the saturated, n-6, and
n-3 PUFA components of the NEFA fractions were all signifi-
cantly lower following the 2-wk R-AO diet when compared
with the H-AO diet (Fig. 1) and were inversely correlated with
plasma free F2-isoprostanes (Table 1). Monunsaturated FA in
the NEFA fraction tended to be lower on the R-AO diet but did
not reach significance, nor were they significantly correlated
with plasma free F2-isoprostane. Plasma concentrations of
NEFA tended to increase following the 30-min submaximal ex-
ercise period, then fall toward resting levels after exhaustive
exercise, and increase again after 1 h of recovery. Although
many individual FA in the NEFA fraction changed significantly
as a result of exercise, this was not enough for exercise to af-
fect the total plasma NEFA fraction significantly.

DISCUSSION

The aim of this study was to examine the effect of an R-AO
diet on plasma FA at rest and during exercise. The reduction in
intake of antioxidant-rich foods resulted in a significant reduc-
tion in plasma NEFA concentration at rest, following 30 min
of submaximal exercise, at exhaustion, and following 1 h of re-
covery when compared with the H-AO diet. The exercise pro-
tocol alone did not appear to have any significant effect on
plasma NEFA concentrations, and no interaction effects were
observed. Time-to-exhaustion was not affected by the reduc-
tion in NEFA, but the RPE was significantly increased during
the exercise test when following the R-AO diet compared with
the H-AO diet. 

As previously reported (12), the R-AO diet resulted in a
threefold reduction in ascorbic acid and β-carotene intakes. En-
ergy, protein, carbohydrate, and fat intakes remained un-
changed between the R-AO and H-AO diet, which excludes
total carbohydrate and fat (type and amount) intakes of athletes
that are known to influence plasma NEFA (17). Fasting, caf-
feine ingestion, and various supplements including L-carnitine,
medium-chain TG, and long-chain TG have been shown to in-
fluence plasma NEFA (5). None of the subjects were taking
these supplements, and the caffeine intake was not affected by
the R-AO protocol. This leaves the reduction in dietary antioxi-
dants on the R-AO diet as a single variable that could influence
NEFA.

It is often thought that any intervention that increases FA
availability in circulation has the potential to increase fat oxi-
dation, slow the rate of glycogen use, and improve endurance
exercise performance (5). On the contrary, reduced FA avail-
ability would be expected to have the opposite effect. FA avail-
ability is not the only factor to affect fat oxidation, which could
explain why the majority of studies that have manipulated FA
availability in plasma, including the present study, have not ob-
served variations in exercise time to exhaustion (for review, see
Ref. 5). Other factors that alter NEFA availability include
NEFA movement across the muscle membrane, regulation of
muscle TG lipase activity, and regulation of NEFA across the
mitochondrial membranes (2). Exercise time-to-exhaustion as
a performance measure also may lack the sensitivity to deter-
mine performance changes, which may explain why significant
changes are not observed, particularly in a short-duration exer-
cise protocol such as that used in the present study.

The present study does not explain the mechanism for the
reduction in plasma NEFA following consumption of the
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FIG. 1. Plasma nonesterified FA (NEFA) fractions following consump-
tion of a restricted antioxidant diet in athletes at rest. Values reported as
least squares means (SE of LS means). *P < 0.001. SFA, saturated FA;
MUFA, monounsaturated FA; LS, least squares.

TABLE 1 
Correlation Between Plasma Free F2-Isoprostanes
and Nonesterified FA (NEFA) Fractions

NEFA r value P-value

Total −0.196 0.022
Saturated −0.226 0.009
Monounsaturated −0.043 0.621
Polyunsaturated
n-6 −0.313 0.000
n-3 −0.210 0.015
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R-AO diet for 2 wk. However, we previously showed that the
R-AO diet increased plasma concentrations of F2-isoprostanes
indicating that the balance of antioxidants and pro-oxidants had
tipped in favor of the latter, which leaves the pro-oxidants to
react with plasma molecules such as NEFA, consequently re-
ducing their concentration (12). This is supported by the find-
ing that the F2-isoprostane value is inversely correlated with
plasma NEFA. NEFA has previously been suggested to inhibit
peroxidation of lipid membranes, thus acting like an antioxi-
dant (18). In the presence of the reduction in antioxidant intake
when consuming the R-AO diet, NEFA itself may have func-
tioned as an antioxidant.

There is also a possibility that the inverse correlation be-
tween F2-isoprostanes and NEFA could be explained by an in-
direct mechanism. Insulin levels (and insulin-mediated glucose
uptake) are positively correlated (r = 0.51, P < 0.004) with free
radical generation (19). Insulin is known to be a primary regu-
lator of adipose tissue lipolysis and also FA re-esterification by
reducing lipolysis and increasing re-esterification (17). Plasma
NEFA concentrations may be reduced as a consequence of the
increase in oxidative stress, which could in turn increase circu-
lating insulin, a potent inhibitor of NEFA release from adipose
tissue. Indeed, in the absence of insulin level measurements,
there is not enough evidence in the present study to suggest that
the proposed mechanism above is valid and thus merits further
investigation. 

It is also more likely that altered FA availability only has ap-
plication in long-duration endurance-based exercise because of
its substantial abundance when compared with carbohydrate,
and the relative contribution of fat as a fuel is highest during
low to moderate exercise intensities. The significantly elevated
RPE score when subjects followed the R-AO diet in the pres-
ent study indicates that their perception of effort to complete
the 30-min submaximal run was increased on the R-AO diet
compared with the H-AO diet protocol. It may be argued that
an athlete with a heightened perception of effort is more likely
to suffer performance detriment as the duration of exercise is
increased. 

The findings from this study suggest that the R-AO diet re-
duces plasma NEFA concentrations. However, further investi-
gations are required to confirm the findings and further eluci-
date whether our proposed mechanisms are plausible. This will
provide answers to the questions of whether antioxidants have
a significant effect on fat oxidation and whether a reduction in
plasma NEFA concentration has the potential to reduce the use
of FA as a fuel for exercise to subsequently affect exercise per-
formance. 

REFERENCES

1. Jensen, M.D. (2003) Fate of Fatty Acids at Rest and During Ex-
ercise: Regulatory Mechanisms, Acta Physiol. Scand. 178,
385–390.

2. Spriet, L.L. (2002) Regulation of Skeletal Muscle Fat Oxidation
During Exercise in Humans, Med. Sci. Sports Exerc. 34,
1477–1484.

3. van Loon, L.J., Greenhaff, P.L., Constantin-Teodosiu, D., Saris,
W.H., and Wagenmakers, A.J. (2001) The Effects of Increasing
Exercise Intensity on Muscle Fuel Utilisation in Humans, J.
Physiol. 536 (Pt. 1), 295–304.

4. Romijn, J.A., Coyle, E.F., Sidossis, L.S., Gastaldelli, A.,
Horowitz, J.F., Endert, E., and Wolfe, R.R. (1993) Regulation
of Endogenous Fat and Carbohydrate Metabolism in Relation to
Exercise Intensity and Duration, Am. J. Physiol. 265 (3, Pt. 1),
E380–E391.

5. Hawley, J.A. (2002) Effect of Increased Fat Availability on Me-
tabolism and Exercise Capacity, Med. Sci. Sports Exerc. 34,
1485–1491.

6. Jones, N.L., Heigenhauser, G.J., Kuksis, A., Matsos, C.G., Sut-
ton, J.R., and Toews, C.J. (1980) Fat Metabolism in Heavy Ex-
ercise, Clin. Sci. (London) 59, 469–478.

7. Kiens, B., Essen-Gustavsson, B., Christensen, N.J., and Saltin,
B. (1993) Skeletal Muscle Substrate Utilization During Sub-
maximal Exercise in Man: Effect of Endurance Training, J.
Physiol. 469, 459–478.

8. Martin, W.H., III, Dalsky, G.P., Hurley, B.F., Matthews, D.E.,
Bier, D.M., Hagberg, J.M., Rogers, M.A., King, D.S., and Hol-
loszy, J.O. (1993) Effect of Endurance Training on Plasma Free
Fatty Acid Turnover and Oxidation During Exercise, Am. J.
Physiol. 265 (5, Pt. 1), E708–E714.

9. Venables, M.C., Achten, J., Ring, C., and Jeukendrup, A.E.
(2003) Fat Oxidation During Exercise Has Stronger Links to
Physical Activity and VO2max Than Body Fat, Med. Sci. Sports
Exerc. 35(5), S25.

10. Pitsiladis, Y.P., Smith, I., and Maughan, R.J. (1999) Increased
Fat Availability Enhances the Capacity of Trained Individuals
to Perform Prolonged Exercise, Med. Sci. Sports Exerc. 31,
1570–1579.

11. Stepto, N.K., Carey, A.L., Staudacher, H.M., Cummings, N.K.,
Burke, L.M., and Hawley, J.A. (2002) Effect of Short-Term Fat
Adaptation on High-Intensity Training, Med. Sci. Sports Exerc.
34, 449–455.

12. Watson, T.A., Callister, R., Taylor, R.D., Sibbritt, D.W., Mac-
Donald-Wicks, L.K., and Garg, M.L. (2005) Antioxidant Re-
striction and Oxidative Stress in Short-Duration Exhaustive Ex-
ercise, Med. Sci. Sports Exerc. 37, 63–71.

13. Borg, G. (1970) Perceived Exertion as an Indicator of Somatic
Stress, Scand. J. Rehabil. Med. 2, 92–98.

14. Record, I.R., Dreosti, I.E., and McInerney, J.K. (2001) Changes
in Plasma Antioxidant Status Following Consumption of Diets
High or Low in Fruit and Vegetables or Following Dietary Sup-
plementation with an Antioxidant Mixture, Br. J. Nutr. 85,
459–464.

15. Welz, W., Sattler, W., Leis, H.J., and Malle, E. (1990) Rapid
Analysis of Non-esterified Fatty Acids as Methyl Esters from
Different Biological Specimens by Gas Chromatography After
One-Step Esterification, J. Chromatogr. 526, 319–329.

16. Littell, R.C., Pendergast, J., and Natarajan, R. (2000) Modelling
Covariance Structure in the Analysis of Repeated Measures
Data, Stat. Med. 19, 1793–1819.

17. Achten, J., and Jeukendrup, A.E. (2004) Optimizing Fat Oxida-
tion Through Exercise and Diet, Nutrition 20, 716–727.

18. Balasubramanian, K.A., Nalini, S., and Manohar, M. (1992)
Nonesterified Fatty Acids and Lipid Peroxidation, Mol. Cell.
Biochem. 111, 131–135.

19. Paolisso, G., D’Amore, A., Volpe, C., Balbi, V., Saccomanno,
F., Galzerano, D., Giugliano, D., Varricchio, M., and D’Onofrio,
F. (1994) Evidence for a Relationship Between Oxidative Stress
and Insulin Action on Non-Insulin-Dependent (Type II) Dia-
betic Patients, Metabolism 43, 1426–1429.

[Received December 6, 2004; accepted March 26, 2005]

COMMUNICATION 435

Lipids, Vol. 40, no. 4 (2005)



ABSTRACT: The effects of two sunflower seed oil diets differ-
ing in oxidation levels (PV in oils 1 and 190 mequiv O2/kg) on
lipoprotein TAG and total lipid oxidation were investigated in
growing pigs. For 2 wk, two groups of 10 pigs were fed either of
the diets, after which blood samples were collected. A method
based on RP-HPLC and electrospray ionization-MS was used
for the analysis of oxidized TAG molecules in chylomicrons and
VLDL. The baseline diene conjugation method was used for the
estimation of in vivo levels of lipoprotein lipid oxidation. TAG
molecules with a hydroxy, an epoxy, or a keto group attached
to a FA, as well as TAG core aldehydes were detected in the
samples. Typically, lipoprotein TAG and total lipids were more
oxidized in the pigs fed on the oxidized oil compared with those
fed on nonoxidized oil. Oxidation of dietary fat was thus re-
flected in the lipoprotein oxidation, which confirmed our ear-
lier findings.

Paper no. L9695 in Lipids 40, 437–444 (May 2005).

Studies suggest that oxidized dietary lipids increase the oxi-
dation level of chylomicrons and VLDL (1–3). In addition to
oxidized LDL, which has a central role in atherogenesis, oxi-
dized chylomicrons and their remnants also seem to be poten-
tially atherogenic (4–7). Oxidation of chylomicrons results in
particles that may serve as a substrate for scavenger receptors
(7). Chylomicrons and their remnants may associate with ar-
terial tissue with even greater efficiency than LDL (8).

Thus far, studies of the dietary effects on lipoprotein oxi-
dation at the molecular level have been scarce. Also, there are
only a few methods for direct measurement of lipoprotein ox-
idation (9). In our previous studies (3,10), we used a novel
approach based on HPLC-electrospray ionization (ESI)-MS
and baseline diene conjugation (BDC) methods to investigate
lipid oxidation in human LDL (10) and in different pig
lipoproteins (3). HPLC-ESI-MS was applied to the analysis
of the oxidized TAG molecules. The BDC method was used
to evaluate the oxidation levels of the samples. New informa-
tion on the oxidized TAG molecules of lipoproteins was ob-
tained. The results of the pig study (3) also suggested that ox-
idized dietary fat, in comparison with nonoxidized dietary fat,
has an increasing effect on lipoprotein total lipid and TAG ox-
idation.

In the present study, we applied the approach described
above to investigate the effects of oxidized dietary sunflower

seed oil on the oxidation of pig lipoproteins. The group sizes
were larger compared with the earlier pig study (3), and only
two diet groups were compared with each other. Detailed in-
formation on lipoprotein total lipid and TAG oxidation as
well as on the molecular structures of oxidized chylomicron
and VLDL TAG was obtained. The results confirmed the con-
clusions drawn in the earlier pig study (3) and also gave more
detailed information on the level of lipoprotein lipid oxida-
tion.

MATERIALS AND METHODS

Chemicals and reagents. 3-Chloroperoxybenzoic acid, tri-
phenyl phosphine and activated manganese dioxide (MnO2)
were obtained from Aldrich Chemical Co. (Milwaukee, WI).
Reagents were of reagent grade or better quality. All solvents
were of chromatography or reagent grade and were purchased
from local suppliers. HPLC standard (G-1) containing syn-
thetic monoacid TAG was obtained from Nu-Chek-Prep, Inc.
(Elysian, MN). Synthetic 1,3-distearoyl-2-oleoyl-sn-glycerol
was obtained from Sigma Chemical Co. (St. Louis, MO). 1,3-
Didocosanoyl-2-oleoyl-sn-glycerol and 1-linoleoyl-2-oleoyl-
3-palmitoyl-sn-glycerol were obtained from Larodan Fine
Chemicals AB (Malmö, Sweden). 

Preparation of reference compounds. The oxidized deriva-
tives of synthetic TAG were prepared as described earlier
(3,10) and purified by TLC as described below.

Animals and diets. The study plan was approved by the
Test Animal Committee of MTT Agrifood Research Finland.
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TABLE 1 
Composition of the Feed of the Pigsa

Component g/kg feed

Barley 395.4
Granulated soyb 384.6
Sunflower seed oil 160.0
Feeding lime 11.5
Monocalcium phosphate 8.3
Murovit-Selen-Ec 23.2
Mineral-vitamin mixd 17.1
aTotal energy from fat: 1530–1650 kcal/kg feed.
bContains 3.4–6.8% fat.
cIn kg of feed: 0.2 mg Se; 81 IU vitamin E.
dIn kg of feed: 3.0 g Ca; 1.1 g P; 0.7 g Mg; 4.3 g NaCl; 135 mg Fe; 29 mg
Cu; 0.4 mg Se; 119 mg Zn; 31 mg Mn; 0.3 mg I; 6806 IU vitamin A; 681 IU
vitamin D; 65 mg vitamin E; 2.4 mg vitamin K; 2.5 mg vitamin B1; 6.1 mg
vitamin B2; 3.6 mg vitamin B6; 0.03 mg vitamin B12; 0.3 mg biotin; 18.4 mg
pantothenic acid; 27 mg niacin; 4.3 mg folic acid.

 



Twenty growing pigs (castrated boars) were used in the study.
For 2 wk, two groups of 10 pigs (groups 1 and 2) were fed a
diet (Table 1) containing 16% sunflower seed oil varying in
oxidation levels. The average weight of the animals was 25.3
± 1.9 kg (mean ± SD) at the beginning of the feeding period
and 39.1 ± 4.1 kg at the end of the period. The oil of group 1
was not oxidized (PV 1 mequiv O2/kg), whereas the oil of
group 2 was oxidized in convection ovens at 60°C until the
PV of 190 mequiv O2/kg was reached. The PV determinations
were made according to the AOCS official method Cd 8-53
(11) and could be expressed as millimoles of FA hydroperoxy
groups per kilogram of oil. This method does not assay oxi-
dized FA other than hydroperoxides. The vitamin E contents
of the oils were as follows: group 1, 550 mg/kg; group 2, 103
mg/kg. The vitamin E determinations were made according
to IUPAC 2.432 method (12). FA compositions of the oils
(Table 2) were determined as described below.

The pigs were fed twice a day. During the first week, the
pigs were fed 200 g oil/d and during the second week 230 g
oil/d. Because of the high fat load, the pigs were fed in total
161 mg vitamin E/kg feed, not including vitamin E from the
oils (Table 1). The level of vitamin E supplementation was
based on the guidelines of MTT Agrifood Research Finland.

Sample preparation. Chylomicrons and VLDL were as-
sumed to reach their highest levels during the first 4 h after a
meal. Blood samples were obtained by venipuncture from the
jugular vein at 3 and 4 h (time points 1 and 2, respectively)
after the last meal (half of the daily dose). The blood was col-
lected into tubes containing EDTA as an anticoagulant.
Plasma was separated from cells by centrifugation at 3000 ×
g for 15 min. Chylomicrons and VLDL were separated from
plasma by ultracentrifugation, and LDL were directly precip-
itated from EDTA plasma by buffered heparin as described
(9,13). Lipids were extracted from plasma and lipoproteins
using chloroform/methanol. 

Purification of TAG and their oxidation products. For FA
analysis, the TAG of chylomicrons and VLDL were purified
using Sep-Pak® prepacked silica columns (Waters, Milford,
MA) (14). Normal-phase TLC without added antioxidants
was used to purify the reference compounds and the oxida-

tion products of chylomicron and VLDL TAG (15). Hep-
tane/di-isopropyl ether/acetic acid (60:40:4, by vol) solution
was used as the mobile eluent. Samples were applied to silica
G plates. Resolved components were scraped off the plates
and were recovered from the silica gel by extraction with
chloroform/methanol (2:1, vol/vol). When TLC was applied
to the lipoprotein lipid samples, two fractions below the TAG
band were scraped from the plate (TAG band, Rf = 0.59; frac-
tion 1, Rf = 0.30–0.50; fraction 2, Rf = 0.10–0.30). The frac-
tions contained the oxidized TAG molecules (3). The extracts
were washed with distilled water. TAG and their hydroxy, hy-
droperoxy, oxo, and epoxy derivatives were detected in UV
light after spraying with 2,7-dichlorofluorescein (15).

FA analysis. The FAME of TAG were prepared by sodium
methoxide-catalyzed transesterification (16). Methyl esters
were dissolved in hexane and analyzed by GC (PerkinElmer
AutoSystem, Norwalk, CT) using a DB-23 column (30 m ×
0.32 mm i.d., 0.25 µm film thickness; Agilent Technologies,
Palo Alto, CA). The instrument was equipped with an FID.

Analysis of samples by HPLC-ELSD and HPLC-ESI-MS.
TAG and their oxidation products were separated by RP-
HPLC. The HPLC system consisted of a Hitachi (Tokyo,
Japan) L-6200 Intelligent Pump with a Discovery® HS C18
column (250 mm × 4.6 mm i.d.; Supelco Inc., Bellefonte,
PA). The column was eluted at 0.85 mL/min and a linear gra-
dient was used: 20% 2-propanol in methanol was changed to
80% 2-propanol in 20 min. The final composition was held
for 10 min. Eighty-five percent of the effluent (0.72 mL/min)
was led to a Sedex 75 (S.E.D.E.R.E., Alfortville, France)
ELSD. An evaporation temperature of 70°C and nebulizer gas
(air) pressure of 2.7 bar were used in the ELSD. Fifteen per-
cent of the effluent (0.13 mL/min) was led to a Finnigan MAT
TSQ 700 triple quadrupole mass spectrometer (Finnigan, San
Jose, CA) equipped with a nebulizer-assisted electrospray in-
terface. Full-scan MS spectra were collected in positive (m/z
450–1100) ionization mode. The electrospray voltage used
was +4.5 kV.

Determination of the oxidation level of plasma and
lipoproteins. For the estimation of total lipid oxidation by the
baseline level of diene conjugation in plasma and lipopro-
teins, extracted lipids of plasma, chylomicrons, VLDL, and
LDL were dissolved in cyclohexane and analyzed spec-
trophotometrically at 234 nm. Absorbance units were con-
verted to molar units using the molar extinction coefficient
2.95 × 104 M−1 cm−1. The results were expressed as micro-
moles conjugated dienes in a liter of plasma to have an esti-
mation of the actual level of oxidized lipoproteins in circula-
tion (17). The proportions of oxidized TAG molecules were
estimated by HPLC using the conditions described above.
The estimations were based on the ELSD chromatograms of
the HPLC runs in which an internal standard was used. The
response of ELSD to the injected amount of a reference com-
pound (10) was tested before the estimations were made.

Statistical analysis. SPSS 12.0 for Windows (Chicago, IL)
was used for data analysis. Independent samples t-test and
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TABLE 2 
FA Compositions of the Oils Fed to Pigsa

FA Oil 1b Oil 2c

16:0 5.8 6.0
18:0 3.5 3.6
18:1n-9 25.3 26.0
18:1n-7 0.6 0.6
18:2n-6 63.4 62.2
18:3n-3 0.1 0.1
20:0 0.2 0.2
20:1n-9 0.2 0.2
22:0 0.7 0.7
24:0 0.2 0.2
aResults expressed as percentage of total FA.
bPV 1 mequiv O2/kg oil.
cPV 190 mequiv O2/kg oil.



Mann–Whitney U-test were used to compare the BDC values
and FA compositions of the different pig groups.

RESULTS

FA compositions of the TAG of chylomicrons and VLDL are
listed in Tables 3 and 4, respectively. As in our earlier study
(3), the lipoproteins reflected to a large degree the FA compo-
sitions of the test oils. However, chylomicron and VLDL TAG
contained more 16:0 (palmitic acid) and 18:3n-3 (α-linolenic
acid), and less 18:1n-9 (oleic acid) than the corresponding test
oils. Fat derived from soy at least partly explains these differ-
ences. VLDL TAG also seemed to contain less 18:2n-6
(linoleic acid) than the test oils. In chylomicron and VLDL
TAG of group 2, the relative amount of 18:1n-9 appeared to be
higher and that of 18:2n-6 lower compared with the TAG of
group 1, as could be expected based on the FA compositions of
the test oils. In VLDL TAG, 18:3n-6 (γ-linolenic acid) was pre-
sent in notable amounts, which indicated incorporation of en-
dogenous γ-linolenic acid into VLDL.

Elution factors determined by Sjövall et al. (18) and our
group (10) for HPLC were used in the identification of TAG
oxidation products after their applicability was confirmed for
the present HPLC column. Several oxidation products of
TAG were detected in the TLC fractions of chylomicron and
VLDL lipids. The oxidized structures were found by extract-
ing peaks of specific m/z values from the MS chromatograms
of HPLC runs (Fig. 1) (10). Only sodium adduct ions were
formed from the molecules in positive ion mode.

The postulated molecular structures of the oxidized TAG
of chylomicrons and VLDL are listed in Table 5. In most oxi-
dation products detected, oxidation had occurred in only one
of the FA of a TAG molecule. These products consisted of
TAG molecules with a hydroxy, an epoxy, or a keto group at-
tached to a FA, and of TAG core aldehydes. Typically, the ox-
idation products were formed from TAG with ACN:DB (acyl
carbon number:number of double bonds) 52:2, 52:3, 52:4,
54:3, 54:4, 54:5, and 54:6. In the present study, TAG core
aldehydes were identified as such, not derivatives, in positive
ion mode. The aldehydic [M + Na]+ ions were observed to be
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TABLE 3
FA Compositions of the TAG of Pig Chylomicronsa

Time point 3 h

FA Group 1b Group 2

16:0 7.5 ± 0.6 7.2 ± 0.4
16:1n-7 0.1 ± 0.0a 0.1 ± 0.0b

18:0 3.2 ± 0.4 3.4 ± 0.3
18:1n-9 23.7 ± 0.8a 25.2 ± 0.7b

18:1n-7 0.7 ± 0.0 0.8 ± 0.0
18:2n-6 62.4 ± 0.9a 61.1 ± 0.7b

18:3n-6 0.1 ± 0.0a 0.0 ± 0.1b

18:3n-3 0.6 ± 0.2 0.5 ± 0.1
20:0 0.1 ± 0.0 0.1 ± 0.0
20:1n-9 0.2 ± 0.0 0.2 ± 0.0
20:2n-6 0.1 ± 0.0 0.1 ± 0.0
20:4n-6 0.7 ± 0.1 0.8 ± 0.2
22:0 0.1 ± 0.1 0.2 ± 0.1
Others 0.3 ± 0.0 0.2 ± 0.1

Time point 4 h

FA Group 1 Group 2

16:0 7.5 ± 0.7 7.3 ± 0.5
16:1n-7 0.1 ± 0.0 0.1 ± 0.0
18:0 3.3 ± 0.6 3.4 ± 0.3
18:1n-9 23.6 ± 1.0a 24.9 ± 0.6b

18:1n-7 0.7 ± 0.1 0.7 ± 0.0
18:2n-6 62.4 ± 1.6 61.3 ± 0.8
18:3n-6 0.1 ± 0.1 0.0 ± 0.1
18:3n-3 0.7 ± 0.2 0.6 ± 0.1
20:0 0.1 ± 0.1 0.1 ± 0.1
20:1n-9 0.2 ± 0.0a 0.2 ± 0.0b

20:2n-6 0.1 ± 0.1 0.1 ± 0.0
20:4n-6 0.8 ± 0.1 0.8 ± 0.2
22:0 0.2 ± 0.1 0.1 ± 0.1
Others 0.2 ± 0.1 0.1 ± 0.1
aResults expressed as percentage of total FA (mean ± SD, n = 10). Different
superscript roman letters indicate significant differences between diet groups
(P < 0.05).
bn = 8.

TABLE 4
FA Compositions of the TAG of Pig VLDLa

Time point 3 h

FA Group 1b Group 2

14:0 0.3 ± 0.1a 0.2 ± 0.1b

16:0 6.9 ± 1.4 6.4 ± 1.0
16:1n-7 0.3 ± 0.1 0.2 ± 0.1
18:0 2.6 ± 0.3 2.7 ± 0.3
18:1n-9 21.7 ± 0.8a 22.8 ± 0.4b

18:1n-7 0.7 ± 0.2 0.7 ± 0.2
18:2n-6 61.2 ± 2.0 60.4 ± 1.7
18:3n-6 2.0 ± 0.6 1.8 ± 0.5
18:3n-3 0.6 ± 0.1 0.6 ± 0.1
20:1n-9 0.2 ± 0.0a 0.2 ± 0.0b

20:2n-6 0.4 ± 0.1 0.5 ± 0.1
20:3n-6 0.3 ± 0.1 0.4 ± 0.1
20:4n-6 2.4 ± 0.5 2.7 ± 0.6
Others 0.3 ± 0.1 0.4 ± 0.1

Time point 4 h

FA Group 1 Group 2

14:0 0.3 ± 0.1 0.3 ± 0.1
16:0 6.9 ± 1.4 6.6 ± 1.1
16:1n-7 0.3 ± 0.1 0.2 ± 0.1
18:0 2.8 ± 0.7 3.0 ± 0.4
18:1n-9 21.6 ± 0.9a 22.6 ± 0.6b

18:1n-7 0.7 ± 0.1 0.7 ± 0.2
18:2n-6 60.7 ± 2.8 59.8 ± 2.2
18:3n-6 1.8 ± 0.4 1.6 ± 0.5
18:3n-3 0.6 ± 0.2 0.6 ± 0.1
20:1n-9 0.2 ± 0.0 0.2 ± 0.1
20:2n-6 0.5 ± 0.1 0.5 ± 0.1
20:3n-6 0.3 ± 0.1 0.4 ± 0.1
20:4n-6 2.8 ± 0.5 3.1 ± 1.0
Others 0.4 ± 0.2 0.4 ± 0.2
aResults expressed as percentage of total FA (mean ± SD). Different super-
script roman letters indicate significant differences at each time point be-
tween diet groups (P < 0.05).
bn = 8.
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FIG. 1. Ion chromatograms showing the oxidized TAG molecules of pig chylomicrons. Postulated molecular struc-
tures (not regioisomers) are included in the chromatograms. TAG of 54 acyl carbons with a hydroxy, a keto, or an
epoxy group attached to a FA in a sample representing group 1 (A) and group 2 (B). PV of the sunflower seed oil
used in feed: group 1, 1 mequiv O2/kg; group 2, 190 mequiv O2/kg. Molecules detected as [M + Na]+ ions.



partly transformed to [M + Na + 32]+ adduct ions in our ion
source, possibly indicating formation of hemiacetal structures
within the molecules (Sjövall, O., personal communication).
The phenomenon helped in the detection and identification of
the core aldehydes.

Most of the oxidized TAG molecular structures were found
in all samples at both time points. However, the peaks repre-
senting the TAG hydroxides/epoxides/ketones of 54 or 56
acyl carbons and the peaks representing the TAG core alde-
hydes of 45 carbons with a hydroxy/epoxy/keto group at-
tached to the molecule were stronger in group 2 compared
with group 1 (Table 5, Fig. 1). An exception was the ion rep-
resenting the structure 18:2 OH/18:1/18:1 (postulated), which
was stronger in group 1. The ratio of the structure 18:2
keto/18:2/18:2 (ACN:DB 54:6) to the structures 18:2
keto/18:2/18:1 + 18:1 keto/18:2/18:2 (ACN:DB 54:5) seemed
to be higher in group 2 compared with group 1 (Fig. 1).

TAG epoxides and ketones may have formed so that the
number of double bonds did not change (e.g., conversion of
hydroperoxide to a ketone by dehydration) or so that one dou-
ble bond was lost (formation of an epoxide or a ketone at a
site of unsaturation) (19). In the epoxides formed from TAG

with ACN:DB 54:6 or 52:4, oxygen seems to have been
added mainly at the site of a double bond, leading to the loss
of the double bond. The assumption is based on the intensi-
ties of the extracted peaks in the MS chromatograms (Fig. 1)
and the FA composition of the TAG (Tables 3 and 4). 

In the oxidized test oil, TAG monohydroperoxides were
the major class of oxidized TAG. Monohydroperoxides de-
tected were formed from TAG with ACN:DB 52:2, 52:3,
52:4, 54:3, 54:4, 54:5, and 54:6. Dihydroperoxides were
formed from TAG with ACN:DB 52:4, 54:6, and 54:5. The
hydroperoxy TAG molecules were partly fragmented in the
ion source (cleavage of H2O), which helped in the identifica-
tion of such molecules.

However, TAG hydroperoxides could not be detected in
the lipoprotein samples, neither as such nor as a combination
of hydroperoxy and oxo/epoxy groups. This is in accordance
with our earlier studies (3,10), and indicates an absence of
these molecules in the lipoprotein TAG, or a considerable de-
crease in the level of them compared with the oxidized sun-
flower seed oil.

Figure 2 shows the BDC values of plasma (total lipid
BDC) and separate lipoproteins. The BDC method is sensi-
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TABLE 5
Postulated Structures of the Oxidized TAG Molecules Found in the Chylomicron and VLDL Samplesa

ACNb Hydroxides Epoxides Ketones Aldehydes

50 18:1 epoxy/16:0/16:0e 18:2 keto/16:0/16:0e

18:1 epoxy/16:0/16:0e 18:1 keto/16:0/16:0e

18:0 epoxy/16:0/16:0e 18:0 keto/16:0/16:0e

52 18:3 OH/18:2/16:0c 18:2 epoxy/18:2/16:0c 18:3 keto/18:2/16:0 9:0 ALD/18:2/16:0c

18:2 OH/18:2/16:0 18:2 epoxy/18:1/16:0 18:2 keto/18:2/16:0
18:2 OH/18:1/16:0 18:1 epoxy/18:2/16:0 18:2 keto/18:1/16:0
18:1 OH/18:1/16:0 18:1 epoxy/18:1/16:0 18:1 keto/18:2/16:0
18:1 OH/18:0/16:0c 18:1 epoxy/18:0/16:0 18:1 keto/18:1/16:0

18:0 epoxy/18:1/16:0 18:1 keto/18:0/16:0
18:0 keto/18:1/16:0

54 18:3 OH/18:2/18:2c 18:2 epoxy/18:2/18:2c 18:3 keto/18:2/18:2 8:0 ALD/18:2/18:2c,d

18:2 OH/18:2/18:2 18:2 epoxy/18:2/18:1 18:2 keto/18:2/18:2 9:0 ALD/18:2/18:2 (45:4 ALD)
18:2 OH/18:2/18:1 18:1 epoxy/18:2/18:2 18:2 keto/18:2/18:1 9:0 ALD/18:2/18:1 (45:3 ALD)
18:2 OH/18:1/18:1 18:2 epoxy/18:1/18:1 18:1 keto/18:2/18:2 9:0 ALD/18:1/18:1 (45:2 ALD)c

18:1 OH/18:1/18:1 18:1 epoxy/18:2/18:1 18:2 keto/18:1/18:1 12:1 ALD/18:2/18:2c

18:2 OH/18:2 OH/18:2f 18:1 epoxy/18:1/18:1 18:1 keto/18:2/18:1 12:1 ALD/18:2/18:1c

18:1 epoxy/18:1/18:0 18:1 keto/18:1/18:1 45:4 ALD + OH/epoxy/keto
18:0 epoxy/18:1/18:1 18:1 keto/18:1/18:0 45:3 ALD + OH/epoxy/keto

18:0 keto/18:1/18:1 45:2 ALD + epoxy/ketoc

56 20:4 OH/18:2/18:2d 20:4 epoxy/18:2/18:1d 20:4 keto/18:2/18:2d

20:4 OH/18:2/18:1d 20:3 epoxy/18:2/18:2d 20:4 keto/18:2/18:1d

20:3 keto/18:2/18:2d

20:4 keto/18:1/18:1d

20:3 keto/18:2/18:1d

aThe most probable molecular structures based on m/z values, TAG FA compositions, and the assumption that the most unsaturated FA is oxidized;
regioisomers are not distinguished. Molecules were detected as [M + Na]+ ions. ALD, aldehyde.
bAcyl carbon number of the original TAG molecule.
cUncertain/very weak peak in chromatogram.
dDetected mostly in chylomicron samples, group 2.
eDetected mostly in chylomicron samples.
fDetected in the samples of group 2.



tive, the normal level of conjugated dienes in lipoproteins
being at least 10 times higher than the detection limit of the
method. The amount of conjugated dienes appeared to be
somewhat higher in plasma, chylomicrons, and LDL of group
2 compared with group 1. The differences were statistically
significant in the plasma of time point 1 and in the chylomi-
crons of time point 2. In the VLDL of group 1, the amount of
conjugated dienes seemed to be higher compared with group
2. However, these differences were not statistically signifi-
cant.

The estimated proportions of oxidized TAG molecules in
the total lipids of the test oils, chylomicrons, and VLDL are
listed in Table 6. The oxidized molecules include all the oxi-
dized TAG species that were detectable in HPLC-ELSD chro-
matograms. In the oxidized test oil, the TAG hydroperoxides
could not be distinguished from secondary oxidation products
because of overlapping peaks. However, based on MS chro-
matograms, the amount of the other oxidation products
seemed to be small compared with TAG hydroperoxides. 

Some samples could not be analyzed by HPLC owing to a
small amount of sample provided. The results show that the
proportion of oxidized TAG molecules was remarkably
higher in the chylomicrons of group 2 compared with group
1. The proportion of the molecules in the VLDL of group 2
also seemed to be higher compared with group 1. 

DISCUSSION

Our results demonstrate an effect of dietary lipid oxidation on
lipoprotein oxidation level. Thus, it seems that the oxidized
TAG are absorbed in the small intestine, and/or they initiate a
cascade of subsequent oxidation reactions that result in the in-
creased oxidation of lipoproteins and their TAG molecules. 

It is noteworthy that the oxidized test oil contained less vi-
tamin E than the nonoxidized oil, resulting in lower total vit-
amin E content in the feed containing the oxidized oil com-
pared with the feed containing the nonoxidized oil (177 vs.
249 mg/kg feed, respectively).
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FIG. 2. Baseline diene conjugation (BDC) values (µmol/L plasma) of
chylomicron (A), VLDL (B), LDL (C), and plasma (D) lipids. Time point
1, 3 h; time point 2, 4 h after the last test meal. Different letters indicate
significant differences between the diet groups (P < 0.05). PV of the sun-
flower seed oil used in feed: group 1, 1 mequiv O2/kg; group 2, 190
mequiv O2/kg.

TABLE 6
Estimated Proportions of Oxidized TAG Molecules in the Total Lipids
of the Test Oils and Lipoproteins Determined by ELSDa

Group 1b Group 2c

Oil 0.0 6.4

Chylomicrons Chylomicrons
Time point 3 h 0.8 ± 0.7a Time point 3 h 2.0 ± 0.6b

Time point 4 h 0.8 ± 0.9a Time point 4 h 2.4 ± 0.7b

VLDL VLDL
Time point 3 h 0.1 ± 0.1 Time point 3 h 0.2 ± 0.2
Time point 4 h 0.1 ± 0.1a Time point 4 h 0.2 ± 0.1b

aResults expressed as g/100 g of total lipids (mean ± SD, n = 7–10). Different
superscript roman letters indicate significant differences between diet groups
(P < 0.05).
bPV of the sunflower seed oil used in feed: 1 mequiv O2/kg. 
cPV of the sunflower seed oil used in feed: 190 mequiv O2/kg. 



TAG make a contribution of almost 30% to the diene con-
jugation of LDL (Ahotupa, M., and Viikari, J., unpublished
results), a lipoprotein class containing considerably less
TAG than chylomicrons and VLDL. Thus, oxidized TAG
molecules are expected to have a major contribution to the
total lipid oxidation of lipoproteins, particularly chylomi-
crons and VLDL. This is supported by the present results
(Table 6).

TAG hydroperoxides could be detected in neither the chy-
lomicron nor the VLDL samples. This is in accordance with
our earlier pig study (3) and the observation that only small
amounts of unmodified hydroperoxy lipids are found in tis-
sue and blood samples (20,21). Studies by Kanazawa et al.
(22,23) and by our group (24) suggest that dietary FA hy-
droperoxides ingested in moderate amounts may not survive
in the gastrointestinal tract. If so, unmodified dietary TAG hy-
droperoxides are not transported into lipoproteins. Oxidation
of formerly unmodified TAG molecules takes place in plasma
to some extent (10), but we hypothesize that the TAG oxida-
tion products found in plasma lipoproteins are partly formed
from hydroperoxides in the gastrointestinal tract and possibly
further modified in plasma. 

The possibility that some decomposition of hydroperoxy
structures had occurred during sample preparation cannot be
excluded. However, in our studies, TAG hydroperoxides have
been relatively stable during extraction procedures, TLC, and
HPLC runs. 

Lipoproteins rich in TAG seem to be important factors in
the induction of atherogenesis (25), which could at least
partly be explained by oxidized TAG molecules. As in our
previous study (3), TAG hydroxides were present in the chy-
lomicrons and VLDL. Linoleic acid hydroxides are found in
atherosclerotic plaques, and they have been found to be en-
dogenous activators and ligands of peroxisome proliferator
activated receptor protein γ, which promotes monocyte/
macrophage differentiation and uptake of oxidized LDL
(20,26,27). Thus, lipoprotein TAG hydroxides could have an
influence on atherogenesis (20).

The present results give further evidence on the effect of
dietary fat oxidation on lipoprotein oxidation. Most of the
results were in line with our earlier study (3) in which
smaller pig groups were used. The results obtained by the
BDC method suggest that plasma, chylomicron, and LDL
lipids of group 2 were more oxidized compared with group
1. It was also shown that the chylomicron and VLDL sam-
ples of group 2 contained more oxidized TAG molecules
than the samples of group 1. Our results suggest that the
level of dietary fat oxidation is reflected in the level of
lipoprotein oxidation.
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ABSTRACT: A study was carried out to increase the CLA con-
tents in ewes’ milk fat under field conditions by dietary means
and to investigate the extent of the changes and consequences
for milk processing and cheese quality. During a 3-mon period,
ewes’ bulk milk samples were collected every week from two
different herds. For the first 4 wk the ewes were fed a conven-
tional diet. Then the following 6 wk a supplement enriched in
α-linolenate (whole linseed) was incorporated into the ovine
diet. Finally, in the last 3 wk the feeding was the same as in the
first 4 wk. The FA profile in milk fat was monitored by GC, and
the distribution of CLA isomers was thoroughly tested by com-
bining GC–MS of 4,4-dimethyloxazoline derivatives (DMOX)
with silver ion-HPLC (Ag+-HPLC) of FAME. Reconstructed mass
spectral profiles of CLA characteristic ions from DMOX were
used to identify positional isomers, and Ag+-HPLC was used to
quantify them. An increase in total CLA in milk fat was ob-
served, and total CLA remained elevated during the weeks of
enriched α-linolenate feeding. In our experimental conditions
there was a linear relationship between trans-vaccenic acid
(trans-11-octadecenoic acid; trans-11 18:1) and 9-cis,11-trans
CLA in ewes’ milk fat. Concerning the CLA isomer profile, in-
creases in the 11,13- and 12,14-18:2 positional isomers were
considerable when linseed was included in the diet. Organolep-
tic characteristics of cheeses made with CLA-enriched milk did
not substantially differ from those made with nonsupplemented
ewes’ milk. CLA total content and isomer profile did not change
during ripening. 

Paper no. L9567 in Lipids 40, 445–454 (May 2005).

CLA is a mixture of positional and geometric isomers of
linoleic acid (18:2), which contains a conjugated double-bond
system. In animal models, CLA exhibits several health-pro-
moting attributes, including anticarcinogenic and antiathero-
genic activities. Natural dietary sources of CLA are mainly
milk fat contained in foods, such as whole milk, butter, and
cheese. The quantitatively predominant CLA isomer in milk
is the 9-cis,11-trans isomer, also called rumenic acid (RA),
and it has been implicated as the most important isomer in
terms of biological activity. The 10-trans,12-cis isomer seems

to be the isomer responsible for reducing body fat content and
might be the most active one, but its natural occurrence is low.
More recently, other isomers have been found to be even
more powerful than RA against human breast cancer cells (9-
cis,11-cis) (1) or to exhibit greater cytotoxicity against gas-
tric cancer cells (9-trans,11-trans) (2). However, their pres-
ence in lipids from ruminant products is reported less. 

The CLA content in dairy products is affected by many
factors during every stage from the field to the table, includ-
ing raw material production, processing, aging, storage, and
food preparation (3,4). Animal feeding strategies for CLA en-
richment of milk have been reviewed, and diets with seed/oil
supplements rich in PUFA that provide lipid substrates for the
production of RA or trans-11 18:1 (trans-vaccenic acid,
TVA) have proved to be effective (3,4). A number of studies
have reported the effects of linseed or linseed oil on milk FA
composition in dairy cows (5–12). In addition to enhancing
CLA content, the dietary changes with linseed also result in
milk fat containing a lower proportion of saturated FA and
greater amounts of monounsaturated FA and PUFA. 

The most significant changes in milk fat quality relate to
rheological properties, which influence numerous aspects of
the nature and quality of cheeses and other manufactured
dairy products (13). The effects of processing conditions,
storage, and aging on the CLA content of various types of
dairy products are not very clear. As regards cheeses, reports
and reviews present results for individual varieties, often in
the belief that CLA levels may vary as a result of different
processing conditions. These effects are likely to be small,
and variations in CLA levels are similar to the levels in the
starting milk (14–16). However, other studies have detected
changes in the CLA levels or new isomers in ripened cheeses
(17–20), and it is hypothesized that biohydrogenation of
linolenic acid in cheese could lead to the formation of CLA
isomers as intermediates. 

Production of ewes’ milk is of economic importance in a
number of countries, especially those in the Mediterranean
region and Middle East, where it is mainly used to produce a
variety of cheeses. While it is accepted that hardly any stud-
ies have reported the effects of seed/oil supplements on ovine
milk FA composition, and with one exception (21) a detailed
characterization of the CLA isomer profile has been supplied,
the evidence to support differences in lipid metabolism be-
tween ruminants is rather limited. Thus, changes in FA pro-
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file of ovine milk fat should not substantially differ from the
pattern previously described for cows’ milk. If there are dif-
ferences between ruminants, then goats appear to be the ex-
ception rather than ewes or cows (22). 

Most of the works on ovine dairy products are limited to
quantifying the most prominent peak assigned to CLA as
FAME by means of GC. However, the CLA isomer mixtures
in milk are complex, and no single technique can resolve all
isomers. In recent years, different procedures have been used
to elucidate CLA isomers. The majority of them have been
quantified by silver-ion HPLC (Ag+-HPLC) (18,23–25).
GC–MS has been shown to be the most powerful tool for
identifying them (18,26). A more complete qualitative and
quantitative analysis involves applying both techniques, es-
pecially when GC is coupled to MS to provide structural in-
formation. A detailed positional analysis of the double bonds
of FA subsequently can be performed using one of several FA
derivatives other than FAME, such as 4,4-dimethyloxazoline
(DMOX), that already are applied in different food materials.
High-resolution MS with a selected ion-recording technique
makes it possible to distinguish CLA from interfering FA and
discriminate among the different isomers. 

This experiment was carried out to enhance CLA levels in
ewes’ milk fat under field conditions by dietary means (com-
mercial supplement enriched in linseed, SEL) and to investi-
gate the extent of the changes and consequences for milk pro-
cessing and cheese quality. The dietary intervention chosen
could lead to changes in the FA composition in ewes’ milk
fat, and it would be useful to know how this could affect the
characteristics of the cheese produced from this milk. Fur-
thermore, it would mean that it was possible to see how the
FA composition, particularly the amount and proportion of
specific CLA isomers, would develop during the processing
and aging of the cheese. Research on this topic, assisted by
the analytical tools already mentioned, could lead to the de-
velopment of natural, consumer-acceptable strategies and
processing systems to produce CLA and dairy foods of
proven quality with enhanced healthful properties.

MATERIALS AND METHODS

Feeding experiments. Briefly the study dealt with the impact
of a diet supplemented with α-linolenate on the FA composi-
tion of the ewes’ bulk milk fat. The experiment was per-
formed from December to March with two representative
herds of 330 and 300 lactating ewes of Assaf breed located in
two different places in the Madrid region (Spain). All ewes
were housed in dairy barns, and they had free access to water
and appropriate bedding. 

The study was conducted over a 13-wk period. Bulk milk
samples were collected at weekly intervals during the milk-
ing period from both herds. Samples were taken from the stor-
age tanks containing milk from the whole herd. During the
first 4 wk both herds were offered a mixture ad libitum con-
sisting of dehydrated alfalfa (45% of dry matter), corn (15%
of dry matter), beet pulp (10% of dry matter), cotton seed

(13% of dry matter), and Lactovejina 100 (17% of dry mat-
ter), a commercial supplement from Cargill España S.A
(Madrid, Spain). After 4 wk, Lactovejina 100 was replaced
with Lactovejina 100 Tech (Cargill España S.A.), a supple-
ment enriched in whole linseed. From weeks 5 to10 both
herds were fed ad libitum, and their diets included Lactove-
jina 100 Tech (17% of dry matter). Finally, in the last 3 wk,
the feeding was the same as in the first 4 wk. The chemical
composition of both supplements is shown in Table 1, and
total lipid contents were 4.7 and 5.8% in diets with Lactove-
jina 100 and Lactovejina 100 Tech, respectively. 

Cheese-making experiments. The bulk milk of both herds,
collected separately in the last weeks of both feeding periods,
at 4 wk (control diet) and at 10 wk (SEL diets) from the start-
ing point, was used for cheese making. Cheeses from each
batch were made in a pilot plant as follows: 50 L of raw milk
was heated to 32°C, and rennet was added to curdle the milk.
No starter culture was added for cheese making because raw
milk was used. After the milk had clotted (30 min), the curd
was cut to the size of a hazelnut and then the vat temperature
was gradually increased to 36–37°C at a rate of 1°C/3 min.
At the same time, the curd was stirred to remove the whey
and favor grain aggregation. Curds were placed into 3-kg
molds and pressed in a horizontal pneumatic press until the
pH was about 5.5. Cheeses were salted in brine (20° Baume)
at 10°C for 12 h and then transferred to a ripening room
where they remained at a temperature of approximately
13–14°C and ~85% RH for 120 d. Samples at 30, 60, and 120
d were taken from each batch for chemical analysis. A total
of 5 cheeses were obtained from each batch.

Milk and cheese chemical analyses. Fat, protein, and total
solids in milk were measured with a MilkoScan FT-6000
(Foss Electric, Barcelona, Spain). Total solids and fat in
cheeses were determined according to the International Dairy
Federation (IDF) standards (27,28).

(i) Lipid extraction and FA derivatization. Milk and cheese
fat extraction was carried out according to the International
Standards Organization (ISO; 29). The fat residue extracted
was stored in amber vials, exposed to a stream of N2 and
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TABLE 1 
Chemical Composition of Lactovejina 100 and Lactovejina 100 Techa

(weight %)

Component Lactovejina 100 Lactovejina 100 Tech

Moisture 13.20 10.77
Protein 20.00 20.00
Fat 5.71 12.23
Ash 7.73 7.79
Calcium 1.00 1.00
Phosphorus 0.53 0.55

Palmitic acid 0.41 0.73
Stearic acid 0.05 0.31
Oleic acid 0.97 2.22
Linoleic acid 2.46 2.95
α-Linolenic acid 0.15 5.00
aLactevejina 100, a commercial feed supplement; Lactovejina 100 Tech, a sup-
plement enriched in whole linseed; both from Cargill España S.A (Madrid, Spain).



frozen at −20°C until analysis. FAME were prepared by base-
catalyzed methanolysis of the glycerides (KOH in methanol)
as described in ISO (30). The preparation of DMOX deriva-
tives from FAME was based on the Fay and Richli (31) pro-
cedure.

(ii) Ag+-HPLC. Ag+-HPLC separation of CLA methyl es-
ters was carried out using a high-performance liquid chro-
matograph (Series 1100; Agilent Technologies, Palo Alto,
CA) equipped with a photodiode array detector operated at
234 and 205 nm. Three ChromSpher 5 Lipid analytical
columns (4.6 mm i.d. × 250 mm stainless steel; 5 µm particle
size; Varian) were connected in series. The mobile phase was
0.1% acetonitrile in hexane and operated isocratically at a
flow rate of 1.0 mL/min. The flow was initiated 0.5 h prior to
the sample injection and the injection volume was 10 µL. To
identify positional isomers a mixture (cis-9 trans-11, trans-8
cis-10, cis-11 trans-13, trans-10 cis-12 18:2 and small
amounts of a variety of cis-cis and trans-trans 18:2 isomers)
and pure CLA methyl ester isomers (cis-9 trans-11 and trans-
10 cis-12 18:2) were purchased from Nu-Chek-Prep. Inc.
(Elysian, MN).

(iii) GC–FID and GC–MS analyses. Milk and cheese FA
contents were determined by GC–FID after conversion to
FAME. FAME were analyzed on a PerkinElmer chromato-
graph (model 8420; Beaconsfield, United Kingdom) with an
FID. FA were separated by using a CP-Sil 88 fused-silica cap-
illary column (100 m × 0.25 mm i.d. × 0.2 µm film thickness;
Chrompack, Middelburg, The Netherlands). The column was
held at 70°C for 4 min after injection, temperature-pro-
grammed at 13°C/min to 175°C, held there for 27 min, and
then temperature-programmed at 4°C/min to 215°C and held
there for 36 min. Helium was the carrier gas with a column
inlet pressure set at 214 KPa and a split ratio of 1:20. Injec-
tion volume was 0.2 µL. To obtain response factors, an anhy-
drous milk fat (reference material CRM-164) obtained from
the European Commission (Brussels, Belgium), consisting of
known amounts of FA, was used. 

CLA DMOX derivatives were separated with the same
column on an Agilent GC chromatograph (model 6890N)
connected to an Agilent mass spectrometer detector (MS
5973N). The filament trap current was 400 µA at 70 eV. A 1-
µL solution of DMOX derivatives was injected under the fol-
lowing conditions: initial oven temperature was 75°C for 2
min after injection, then temperature-programmed at 5°C/min
to 180°C, held there for 30 min, and then temperature-pro-
grammed at 5°C to 220°C and held there for 30 min. The col-
umn inlet pressure was set at 197 KPa in a splitless injection
system. To create other CLA isomers, standards from Nu-
Chek-Prep described above were isomerized using I2 (23),
then converted to DMOX derivatives and used to identify
CLA isomers by GC–MS.

Cheese sensory analysis. The sensory test was carried out
following IDF recommendations (32) by a trained group of
panelists (accustomed to consuming this type of cheese), con-
sisting of staff from our Institute (15 tasters minimum).
Cheeses were sampled and tested at 60 and 90 d of ripening.

A wedge (1-cm thick) was cut from the block of cheese and
the rind was removed. All analyses were rated on a 10-point
scale. The attributes analyzed were appearance, aroma
strength, taste strength, texture, and general acceptability. The
possible presence of certain features responsible for negative
aspects in flavor and aroma were also evaluated. The SPSS
package (SPSS 11.0 for Windows; SPSS Inc., Chicago, IL)
was used for statistical analysis of these results. Variance
analysis was performed to establish the effectiveness and sig-
nificance level for P ≤ 0.05.

RESULTS AND DISCUSSION

Milk yield and composition. To draw conclusions about the
effects of diet on animal performance would require data
from individual animals. However, descriptive data on aver-
age milk yield and composition can also be important for
studies if the bulk raw milk is going to be used to manufac-
ture cheese and other dairy products. Milk yields from both
ewe herds were recorded daily during the entire period of the
study. The mean daily milk yields per ewe were 2.5 and 2 L
in herds 1 and 2, respectively. These volumes remained con-
stant and did not decrease during the 3 mon that were moni-
tored. Figure 1 shows the development of fat and protein con-
centration measured weekly for 3 mon in both herds. As can
be seen, fat percentages decreased slightly during the period
monitored, whereas the protein content remained stable. 

FA composition of milk. The FA profile of ewes’ milk fat
was altered by the feed, and the development of the major FA
content was similar for both herds during the period moni-
tored (Fig. 2, Table 2). The proportions of saturated FA from
8:0 to 16:0 decreased with the SEL diet, whereas 4:0 and 6:0
hardly varied. Lipid supplementation with α-linolenic acid
increased the 18:0 and 18:3 percentage as well as most of the
18:1 and 18:2 and isomers (Fig. 2, Table 2). Ewes’ milk fat
contained very small amounts of C20 and C22 PUFA, which
were identified by using GC–MS. The most prominent PUFA
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FIG. 1. Temporal pattern (% of total milk) of fat and protein content of
bulk milk in two ewe herds fed a diet enriched in α-linolenic acid. Dur-
ing the treatment period (broken lines) a supplement enriched in lin-
seed was added. 



present were 20:4, 20:5 (EPA), and 22:5 (Table 2), whereas
22:6 (DHA) was absent. These percentages did not change
when the diet was enriched in α-linolenic acid.

Although it is not possible to draw conclusions from bulk
milk samples from 300 animals, since individual variability
should be studied, these results seem to confirm the estab-
lished theories developed from research studies with cows’
milk when the livestock were fed different dietary supple-
ments enriched in oilseed (3,4). The inclusion of long-chain
FA in the diet reduces the concentration of medium-chain sat-
urated FA in the milk mainly by inhibiting mammary de novo
FA synthesis. Increases in the proportion of 18:0, 18:1, and
18:2 isomers would be associated with biohydrogenation ac-
tivity in the rumen, which is stimulated by feeding with
PUFA-enriched lipids. Nevertheless, the process of biohydro-
genation in the rumen seemed to be limited, because notice-
able amounts of α-linolenic acid contents escaped hydrogena-
tion and increased the amounts of this FA in the milk fat of
herds fed SEL. The proportion of α-linolenic acid in ewes’
milk shifted from an average of 0.45 and 0.29% in the first
weeks to 1.10 and 0.63% in both herds, respectively, at the
end of the period of feeding with the supplement. The fact
that there was a higher proportion of α-linolenic acid in milk
when linseeds were added than when linseed oil was used
could be due to partial protection by whole linseed against
biohydrogenation because of the localization of oil in the
seed. Oil is released slowly from seeds in the rumen and has
relatively less probability of biohydrogenating than free oil
(8,10).

Particularly remarkable was the rise in the trans-11 cis-15
18:2 level in the milk fat of ewes fed SEL (Table 2). Trans-11
cis-15 18:2 was first recognized as the main intermediate in
the ruminal hydrogenation of α-linolenic acid in vitro and has
also been confirmed recently in studies in vivo (33) as the
major 18:2 isomer produced during hydrogenation of α-
linolenic acid in the rumen. This pathway involves an initial
isomerization to a conjugated triene (cis-9 trans-11 cis-15
18:3), followed by reductions in the double bonds at carbons
9, 15, and 11 to yield trans-11 cis-15 18:2, trans-11 18:1, then
18:0, respectively.

The analysis of PUFA is important considering present-
day efforts to increase the n-3 FA content in milk fat. Two of
the most important n-3 PUFA (EPA and DHA) usually have a
very low level in traditional dairy diets (<0.1% of total
FAME). DHA, for instance, is present only in trace amounts
in milk fat unless the ruminant diet contains marine products.
Consequently, the very low amounts of n-3 PUFA found in
the present study came as no surprise.

RA and TVA relationship. RA content in milk fat was
greater in ewes fed SEL than when they were fed the control
diet (Fig. 2). Mean levels of RA in the first 4 wk were stable
(0.80 and 0.50% in herds 1 and 2, respectively). With the new
diet, levels rose in both herds. Finally, after SEL was elimi-
nated from the diet, RA content dropped to its original val-
ues. In our experimental conditions, a high correlation of RA
with TVA (R2 = 0.93) was found in ewes’ milk fat (Fig. 3). A
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FIG. 2. Temporal pattern (% of total FA) of 10:0, 14:0, 18:0, α-linolenic
acid (18:3), and rumenic acid (RA) of milk fat from ewes fed a diet en-
riched in α-linolenic acid. During the treatment period (broken lines), a
supplement enriched in linseed was added. Herd 1 (u), herd 2 (uu).

 



product–precursor relationship of CLA with TVA in the
ewes’ rumen was suggested by Noble et al. (34), indicating
that the TVA accumulated in the ewes’ rumen could be used
for postruminal synthesis of CLA, which might be more im-
portant quantitatively than CLA ruminal synthesis. Investiga-
tions to establish the importance of endogenous synthesis of
CLA in ewes’ body fat (35) found a correlation between TVA
and RA concentrations in different tissues, and the accumula-
tion of RA appeared to be far greater in the liver. Daniel et al.
(35) highlighted the predominance of endogenous synthesis
as the source of RA in ewes and also stressed the critical role
of ∆-9 desaturase in the biology of CLA in this ruminant.
However, information on the mammary gland or milk fat was
not supplied.

The results of this study support the idea that dietary α-
linolenic acid could also be a valuable means for increasing
RA in ewes’ milk. Although ewes and cows’ response to lipid
feeding might not be exactly the same, the effects of α-
linolenic acid supplementation should not be very different
between these species. Nonetheless, increases in CLA con-
tents were modest in comparison with some previous studies
on cows’ milk, in which other types of seeds were used. The
reasons could be the predominant pathways of biohydrogena-
tion of dietary α-linolenic and linoleic acids in the rumen.
Supplementation of linoleic acid appears to have an advan-
tage over supplementation of α-linolenic acid, probably be-
cause it contributes to increased production of both CLA and
TVA in the rumen, the latter of which ultimately becomes the

CLA IN EWES’ MILK FAT 449

Lipids, Vol. 40, no. 5 (2005)

TABLE 2
FA Composition (% of total FAME) of Milk Fat from Ewes Fed the Control Diet (CD), Supplement Enriched in Linseed (LIN), and Cheeses at 1,
2, and 4 mon of Ripening Made from the Milk of Animals Fed a Supplement Enriched in Linseed

Milk Cheese

FA CD LIN 1 mon 2 mon 4 mon

4:0 3.76 ± 0.38 3.68 ± 0.53 3.74 ± 0.42 3.72 ± 0.56 3.70 ± 0.47
6:0 3.13 ± 0.13 2.78 ± 0.14 2.76 ± 0.18 2.81 ± 0.16 2.70 ± 0.12
8:0 2.62 ± 0.04 2.22 ± 0.10 2.20 ± 0.11 2.24 ± 0.14 2.22 ± 0.30
9:0 0.06 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 0.06 ± 0.01
10:0 7.42 ± 0.11 5.95 ± 0.20 5.94 ± 0.19 5.98 ± 0.25 5.97 ± 0.32
10:1 0.29 ± 0.01 0.21 ± 0.01 0.21 ± 0.01 0.21 ± 0.01 0.21 ± 0.01
12:0 3.73 ± 0.05 3.02 ± 0.06 3.02 ± 0.05 3.03 ± 0.07 2.99 ± 0.07
13:0 0.12 ± 0.01 0.09 ± 0.01 0.09 ± 0.01 0.10 ± 0.01 0.09 ± 0.01
14:0 iso 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.07 ± 0.01 0.06 ± 0.01
14:0 9.30 ± 0.19 8.07 ± 0.15 8.09 ± 0.16 8.05 ± 0.15 8.03 ± 0.21
15:0 iso 0.15 ± 0.01 0.15 ± 0.01 0.16 ± 0.01 0.16 ± 0.01 0.15 ± 0.01
15:0 anteiso 0.28 ± 0.01 0.31 ± 0.01 0.31 ± 0.01 0.31 ± 0.01 0.31 ± 0.01
14:1 0.16 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 0.10 ± 0.01
15:0 0.78 ± 0.02 0.72 ± 0.02 0.72 ± 0.02 0.71 ± 0.02 0.71 ± 0.02
15:1 0.08 ± 0.01 0.07 ± 0.01 0.07 ± 0.01 0.07 ± 0.01 0.07 ± 0.01
16:0 iso 0.25 ± 0.01 0.25 ± 0.01 0.25 ± 0.01 0.25 ± 0.01 0.24 ± 0.01
16:0 28.34 ± 0.33 24.95 ± 0.26 25.01 ± 0.34 24.79 ± 0.24 24.88 ± 0.54
17:0 iso 0.45 ± 0.01 0.57 ± 0.03 0.57 ± 0.03 0.57 ± 0.03 0.55 ± 0.02
17:0 anteiso 0.23 ± 0.01 0.28 ± 0.01 0.29 ± 0.03 0.28 ± 0.01 0.27 ± 0.01
16:1 1.25 ± 0.02 1.08 ± 0.02 1.08 ± 0.02 1.09 ± 0.03 1.07 ± 0.04
17:0 0.58 ± 0.02 0.59 ± 0.01 0.59 ± 0.01 0.58 ± 0.02 0.57 ± 0.01
17:1 0.15 ± 0.01 0.14 ± 0.01 0.14 ± 0.01 0.14 ± 0.01 0.14 ± 0.01
18:0 8.12 ± 0.13 10.50 ± 0.18 10.58 ± 0.10 10.37 ± 0.13 10.55 ± 0.39
18:1 (6-8 trans) 0.25 ± 0.02 0.29 ± 0.02 0.30 ± 0.03 0.30 ± 0.02 0.31 ± 0.04
18:1 (9 trans) 0.33 ± 0.04 0.37 ± 0.04 0.35 ± 0.02 0.34 ± 0.04 0.34 ± 0.05
18:1 (10 trans) 1.17 ± 0.03 1.60 ± 0.05 1.65 ± 0.07 1.74 ± 0.04 1.60 ± 0.09
18:1 (11 trans) 2.39 ± 0.06 3.62 ± 0.10 3.64 ± 0.10 3.54 ± 0.07 3.71 ± 0.13
18:1 (9-11 cis) + (12-15 trans) 17.65 ± 0.26 20.12 ± 0.43 19.87 ± 0.15 20.20 ± 0.26 20.07 ± 0.81
18:1 (12-13 cis) 0.46 ± 0.01 0.65 ± 0.01 0.66 ± 0.01 0.66 ± 0.01 0.65 ± 0.02
18:1 (16 trans + 14 cis) 0.25 ± 0.01 0.42 ± 0.01 0.42 ± 0.01 0.42 ± 0.01 0.43 ± 0.01 
18:1 (15 cis) +19:0 0.16 ± 0.01 0.29 ± 0.01 0.29 ± 0.01 0.29 ± 0.01 0.29 ± 0.01
18:2 (9 trans, 12 trans) + (9 cis,13 trans) 0.28 ± 0.01 0.44 ± 0.01 0.44 ± 0.01 0.44 ± 0.01 0.43 ± 0.01
18:2 (8 trans, 13 cis + 9 cis,12 trans) 0.15 ± 0.01 0.20 ± 0.01 0.20 ± 0.01 0.20 ± 0.01 0.20 ± 0.01
18:2 (11 trans,15 cis) 0.03 ± 0.01 0.21 ± 0.02 0.21 ± 0.02 0.21 ± 0.02 0.20 ± 0.02
18:2 (9 cis,12 cis) 3.28 ± 0.13 2.84 ± 0.10 2.81 ± 0.08 2.84 ± 0.10 2.79 ± 0.07
20:0 0.17 ± 0.01 0.18 ± 0.01 0.18 ± 0.01 0.17 ± 0.01 0.18 ± 0.01
18:3 0.49 ± 0.01 1.05 ± 0.01 1.04 ± 0.01 1.05 ± 0.01 1.06 ± 0.03
CLA 0.80 ± 0.01 1.02 ± 0.01 1.01 ± 0.01 1.02 ± 0.01 1.02 ± 0.03
22:0 0.07 ± 0.01 0.07 ± 0.01 0.07 ± 0.01 0.06 ± 0.01 0.07 ± 0.01
20:4 0.18 ± 0.01 0.15 ± 0.01 0.15 ± 0.01 0.15 ± 0.01 0.15 ± 0.01
20:5 0.05 ± 0.01 0.06 ± 0.01 0.05 ± 0.01 0.06 ± 0.01 0.05 ± 0.01
22:5 0.06 ± 0.01 0.07 ± 0.01 0.07 ± 0.01 0.07 ± 0.01 0.04 ± 0.03
Other FA 0.47 0.51 0.56 0.56 0.76



substrate for CLA synthesis by ∆-9 desaturase in the mam-
mary gland, whereas α-linolenic acid contributes to TVA only
during its biohydrogenations (4). Feeding linseed results in
great production of ruminal TVA, which could be subse-
quently used by the mammary gland for RA synthesis (33).

CLA isomer profile. The effect of diet on milk fat CLA is
largely accounted for by a change in the concentration of RA,
but other isomers can play an important role. The major posi-
tional isomer determined by Ag+-HPLC was 9,11 (cis/trans
plus trans/cis), and 7,9 (cis/trans plus trans/cis) was the sec-
ond most relevant peak with percentages about 80–85 and
6–8% of total CLA, respectively. RA abundance would be
consistent with the relative importance of the endogenous
synthesis of cis-9 trans-11 CLA from TVA by ∆-9 desaturase.
Similarly, trans-7 cis-9 CLA would be produced from trans-
7 18:1 by the same enzyme (36–38). 

Figure 4 represents the relative concentration determined
by Ag+-HPLC of minor CLA isomers and their development
during the period of study. Noticeable increases in 12,14 and
11,13 (cis-trans/trans-cis and trans-trans) CLA were ob-
served when linseed was added to the diet. Analysis by
GC–MS of DMOX derivatives confirmed the increases in
some of these isomers (Fig. 5). Three peaks emerged in the
time of elution corresponding to trans-12 trans-14, trans-11
trans-13, and trans-11 cis-13 18:2, and their mass spectra
(Fig. 6) were similar to the 11,13 and 12,14 positional isomer
spectra previously described (26). 

Only limited data are available on the effects of diet on the
distribution of individual CLA isomers, but it seems that di-
etary supplements high in α-linolenic acid may increase the
relative proportion of 11,13 and 12,14 positional isomers
(21,39,40). Kraft et al. (24) hypothesized that the CLA iso-
mers trans-11 cis-13 and trans-11 trans-13 18:2 are formed
in large quantities as a result of grazing mountain pasture,
which is rich in α-linolenic acid. As explained earlier, the
pathway for the hydrogenation of α-linolenic acid in the
rumen involves an initial isomerization in which the double
bond at the carbon-12 position is transferred to the carbon-11
position to form cis-9 trans-11 cis-15 18:3, which is then re-
duced at both cis bonds to produce TVA through trans-11 cis-

15 18:2 as an intermediate (33,41). Kraft et al. (24) argued
that the trans-11 double bond was the most stable trans-bond
found among the 18:1 isomers and among the CLA isomers
in ruminal fermentation. They proposed the existence of three
different CLA isomers having a trans-11 double bond in milk:
cis-9 trans-11 from bacterial synthesis in the rumen (via
linoleic acid) plus mammary gland desaturation, and trans-11
trans-13 and trans-11 cis-13, both of bacterial origin in the
rumen from α-linolenic acid as an indirect precursor. Thus,
the increases in trans-11 trans-13 and trans-11 cis-13 18:2
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FIG. 3. Relationship between rumenic acid (9-cis 11-trans 18:2) and
trans-vaccenic acid (11-trans 18:1, TVA) in ewes’ milk fat from two
herds (g/100 g of total FAME). Herd 1 (u), herd 2 (uu).

FIG. 4. Development of CLA isomer contents (% of total CLA) deter-
mined by silver-ion HPLC in milk fat of ewes fed a diet enriched in α-
linolenic acid. The treatment period (broken lines) involved a 6-wk ad-
dition of a supplement enriched in linseed. 

FIG. 5. Profiles by GC–MS of CLA dimethyloxazoline derivatives of milk
fat from ewes fed a control diet (solid line) and a diet enriched in α-
linolenic acid (dotted line) obtained by high-resolution selected-ion
recording at m/z 333. 1: 9-cis 11-trans 18:2 + 7,9 18:2. 2: 9-trans 11-
cis 18:2. 3: 10-trans 12-cis 18:2. 4: 9-cis 11-cis 18:2. 5: 10-trans 12-
trans 18:2 + 9-trans 11-trans 18:2.



isomers found in the present study would be consistent with
the results reported for the milk fat of cows grazed in alpine
conditions (21,24). Nevertheless, the pathway from the trans-
11 cis-15 18:2 to trans-11 cis-13 and trans-11 trans-13 18:2
isomers and the biological significance of these isomers are
unclear and still have not been established. 

With regard to other minor isomers, amounts of trans-10
cis-12 18:2 in the samples studied were low, less than 0.75%
of total CLA isomers (Fig. 4, Table 3), and values did not
change throughout the 3 mon of monitoring. As explanation,
trans-10 cis-12 18:2 in the rumen would be formed from a
linoleic but not from an α-linolenic acid pathway, as occurred
for the cis-9 trans-11 isomer of CLA (41). Furthermore, since
cis-12 desaturase activity has not been detected in the mam-

mary gland or other ruminant tissues, trans-10 18:1, formed
in the rumen by biohydrogenation of different PUFA and ab-
sorbed from the intestine, would not be transformed endoge-
nously to trans-10 cis-12 18:2. 

With respect to cis/cis isomers, which are undetectable by
UV-HPLC, small amounts were found in the ewe sample. The
mass spectrum of the 9,11 positional isomer was detected just
at the elution time of 9-cis 11-cis 18:2 when FA were deriva-
tized to DMOX and analyzed by GC–MS. However, traces of
other cis/cis isomers were not so clear. Concerning the rest of
the CLA isomers found at low levels, no changes were ob-
served when the supplement was added to the diet. These
minor isomers seem to originate in the rumen (38). It has been
suggested that ruminal bacteria possess several specific cis,
trans isomerases that cause a wide range of these isomers and
subsequently help produce a wide range of trans-18:1 FA in
milk (36,41). Nonetheless, the biological significance of
minor trans-18:1 isomers is still not well known and the path-
ways to their formation must be elucidated.

Development of CLA composition during cheese ripening.
Mean fat content in cheeses made from the milk of ewes fed
SEL was 58% (referring to total solid) and did not change
during the ripening period. Nor were there alterations in pro-
portions of major FA and total CLA after 4 mon. As can be
seen in Table 2, FA profile hardly changed during the ripen-
ing period. After 4 mon, the levels of total CLA and other po-
tentially healthful FA were steady. The effect on CLA con-
tent of converting milk to cheese and the subsequent aging
and/or storage is controversial. Oxidative reactions could
cause destruction of double bond systems, thus potentially re-
ducing CLA levels. It could be argued that because CLA con-
tains a conjugated double bond system, it would be more sen-
sitive to oxidation or isomerization than linoleic or α-linolenic
acid, and longer ripening times should show lower CLA con-
tent owing to the longer period of air exposure and fermenta-
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FIG. 6. Mass spectra of the peak labeled in Figure 5 as 11-trans 13-cis
18:2 (A), 12-trans 14-trans 18:2 (B), and 11-trans 13-trans 18:2 (C) cor-
responding to dimethyloxazoline derivatives of the milk fat of ewes fed
a diet enriched in α-linolenic acid.

TABLE 3
Relative Composition (% of total CLA) Determined by Silver-Ion
HPLC of CLA Isomers in Ewes’ Raw Milk Fat from Animals Fed with a
Linseed Enriched Supplement and in Cheeses Made from That Milk
After 1, 2, and 4 mon of Ripening 

Cheese

Isomer Milk 1 mon 2 mon 4 mon

(% )

trans/trans
12,14 2.05 ± 0.15 2.05 ± 0.13 2.11 ± 0.05 2.25 ± 0.06
11,13 3.11 ± 0.07 3.12 ± 0.06 3.10 ± 0.03 3.34 ± 0.01
10,12 0.69 ± 0.16 0.71 ± 0.17 0.77 ± 0.06 0.81 ± 0.08
9,11 1.50 ± 0.10 1.54 ± 0.09 1.59 ± 0.05 1.64 ± 0.07
8,10 0.38 ± 0.04 0.37 ± 0.02 0.41 ± 0.04 0.38 ± 0.08
7,9 0.41 ± 0.01 0.40 ± 0.01 0.44 ± 0.06 0.39 ± 0.05

cis/trans + trans/cis
12,14 1.76 ± 0.07 1.74 ± 0.05 1.66 ± 0.11 1.75 ± 0.15
11,13 2.26 ± 0.12 2.23 ± 0.05 2.21 ± 0.01 2.23 ± 0.12
10,12 0.56 ± 0.01 0.58 ± 0.01 0.59 ± 0.06 0.58 ± 0.17
9,11 80.44 ± 0.47 80.49 ± 0.50 80.25 ± 0.25 79.85 ± 0.59
7,9 6.02 ± 0.06 6.00 ± 0.02 6.02 ± 0.12 5.98 ± 0.07



tion time, which increases radical-mediated oxidation. The
fact that no changes were observed in the PUFA profile dur-
ing ripening (Table 2) seems to indicate that oxidation
processes would not take place in these cheeses and that the
original raw milk FA profile would not be altered.

The results of the present study coincide with previous re-
search on different kinds of cheeses. No detrimental changes
in the CLA content were observed during Mozzarella (14),
Emmental (15), or Edam manufacture (16). However, other
studies reported modifications in the FA profile and CLA con-
tent of Cheddar-type cheeses as a result of the processing
(20). These changes were attributed to differences in lipid me-
tabolism of the starter cultures, reflecting the activity of cer-
tain bacterial strains, such as lactic acid bacteria and propi-
onibacteria, that are capable of converting linoleic acid to
CLA in vitro (42,43). 

The development of individual CLA isomers during
cheese aging as determined by Ag+-HPLC is shown in Table
3. Most of these isomers were previously reported in differ-
ent types of cheeses (18,19,25). Considerable changes as a
consequence of ripening were not observed, and only slight
increases in some trans/trans isomers were noticed. Gnädig
et al. (15) also showed a small increase in the content of the
total trans/trans CLA isomers during Emmental cheese ripen-
ing. By carrying out studies of DMOX derivatives with
GC–MS, it was possible to detect variable amounts of the dif-
ferent 9,11 18:2 geometric isomers (trans/cis, cis/cis, and
trans/trans). However, it was not possible to do a reliable
quantification and monitor the development of these isomers
during the ripening period. The cis-9 cis-11 isomer co-elutes
with C21 by GC and in the same area as oleic acid by Ag+-
HPLC, whereas trans-9 cis-11 18:2 was only resolved from
RA when DMOX GC–MS was used. Werner et al. (17) also
found that concentrations of individual CLA isomers (cis-9
trans-11, cis-9 cis-11, trans-9 trans-11/trans-10 trans-12)
were different among cheeses with different ages. These au-
thors attributed such differences in cheese to cultures and pro-
cessing conditions. However, monitoring of CLA isomers
from raw milk to aged cheese was not carried out.

Overall, the changes in CLA content and FA profile dur-
ing cheese processing were small under the conditions stud-
ied. Such minor changes may not be of great significance.
Since the processing of milk into cheese did not substantially
alter the CLA content, the ideal solution for achieving cheeses
with high concentrations of CLA would be to produce ewes’
milk with a high CLA content.

Cheese sensory analysis. Table 4 shows the results of the
sensory analysis of the cheeses, made with ewes’ milk from
the herds fed and not fed the supplement, at 2 and 3 mon of
ripening. Scores for the sensory attributes—appearance, taste,
and acceptability—did not differ among the samples, and
there were no significant differences (P ≤ 0.05) for cheeses
made from the milk of ewes fed SEL. Although aroma and
texture scores for cheeses manufactured from CLA-enriched
milk at 2 mon of ripening were slightly lower than for cheeses
prepared with bulk milk from ewe herds fed without SEL,

such differences were not significant. Furthermore, at 3 mon
of ripening both values were similar. Finally, no strange fla-
vors or odors were detected in the study. 

Previous descriptive sensory analyses in dairy products
high in PUFA and/or CLA do not supply definitive evidence.
The impact of fortification with CLA on the properties of
fluid milk and butter revealed that these products could ex-
hibit different organoleptic characteristics (44,45), and their
acceptance by consumers could be affected. However, in a
more recent study (46), untrained panelists were unable to de-
tect flavor differences initially and over time in milk with high
CLA and TVA levels. For cheese, there are fewer studies.
CLA-enriched milk was used successfully to manufacture
Edam cheese with a softer texture and with acceptable
organoleptic properties (16). Although in the current study no
gritty characteristics were observed in cheeses made with
milk from ewe herds fed SEL, increases in CLA and PUFA
were small in comparison with amounts reported by Ryhänen
et al. (16). Thus more research would be needed in this field
to confirm the present findings and provide a full picture. 

Commercial SEL addition to ovine diet under field condi-
tions could be one way of increasing CLA content in milk fat.
In the conditions assayed, minimum effects on the bulk milk
yield and composition were observed. An additional advan-
tage is the new FA profile. Other FA, potentially beneficial
for human health, apart from RA, such as TVA and 18:3, in-
creased in the milk fat of ewes fed supplemented diets. A de-
crease in the proportion of medium-chain saturated FA would
also enhance the nutritional value of the milk. The changes
observed in the CLA isomer profile do not apparently affect
the nutritional properties of milk fat. 

Overall, FA profile did not change during cheese making.
The CLA content in ripened cheeses was comparable with the
starting material, and no losses of potentially healthful FA
were detected during processing. Finally, cheeses made with
milk from linseed-supplemented diets exhibited sensory
properties similar to the control products. Thus feeding with
these supplements would not represent a hurdle for consumer
acceptance of the final product. This could be an alternative
way of obtaining dairy products from ewes’ milk with added
nutritional value.
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TABLE 4
Mean Scores of Sensory Attributes (on a 10-point scale) for Two
Batches of Cheeses Made from Ewes’ Raw Milk Fat from Animals 
Fed a Control Diet (CD) and a Diet Enriched in αα-Linolenic Acid 
(LIN) at 2 and 3 mon of Ripeninga

2 mon 3 mon

CD LIN CD LIN

Appearance 6.5 ± 0.7a 6.7 ± 1.2a 6.7 ± 1.2a 6.0 ± 0.8a

Aroma 6.7 ± 1.1a 5.6 ± 1.3a 5.6 ± 1.4a 5.6 ± 1.0a

Taste 5.4 ± 1.5a 5.6 ± 1.3a 4.8 ± 1.8a 6.0 ± 0.9a

Texture 6.5 ± 0.9a 5.5 ± 1.0a 5.7 ± 1.3a 5.9 ± 0.9a

General acceptability 5.7 ± 1.3a 5.6 ± 1.2a 5.6 ± 1.6a 5.7 ± 0.9a

aValues in the same row without a common superscript letter were signifi-
cantly different: P ≤ 0.05.
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ABSTRACT: In the present study we investigated the effects of
dietary fats containing predominantly PUFA, monounsaturated
FA (MUFA), or saturated FA (SFA) on lipid profile and liver cho-
lesterol 7α-hydroxylase (CYP7α1) mRNA expression and bile
acid production in C57BL/6J mice. The animals (n = 75) were ran-
domly divided into five groups and fed a basic chow diet (AIN-
93G) (BC diet), a chow diet with 1 g/100 g of cholesterol (Chol
diet), a chow diet with 1 g/100 g of cholesterol and 14 g/100 g of
safflower oil (Chol + PUFA diet), a chow diet with 1 g/100 g of
cholesterol and olive oil (Chol + MUFA diet), or a chow diet with
1 g/100 g of cholesterol and myristic acid (Chol + SFA diet) for 6
wk. The results showed that the Chol + SFA diet decreased
CYP7α1 gene expression and bile acid pool size, resulting in in-
creased blood and liver cholesterol levels. Addition of PUFA and
MUFA to a 1% cholesterol diet increased the bile acid pool pro-
duction or bile acid excretion and simultaneously decreased liver
cholesterol accumulation despite decreased CYP7α1 mRNA ex-
pression. The results indicate that the decreased bile acid pool
size induced by the SFA diet is related to inhibition of the liver
CYP7α1 gene expression, but an increased bile acid pool size
and improved cholesterol homeostasis are disassociated from the
liver CYP7α1 gene expression. 

Paper no. L9639 in Lipids 40, 455–462 (May 2005).

The role of high blood cholesterol as an important factor in ad-
vancing atherosclerosis is now widely accepted. The role of
diet in modifying blood cholesterol concentrations is also gen-
erally recognized. Dietary cholesterol and saturated FA (SFA)
increase total cholesterol (TC) concentrations in circulation,
whereas PUFA generally reduce and monounsaturated FA
(MUFA) have a little or no effect on plasma cholesterol con-
centrations. Whole-body cholesterol homeostasis is controlled
by many factors including absorption of dietary cholesterol,
metabolism of plasma cholesterol, de novo cholesterol synthe-

sis, cellular uptake of cholesterol, and excretion of cholesterol
into bile acids. The mechanisms by which dietary FA influence
blood cholesterol are not fully defined. 

Removal of excess cholesterol from the body by the forma-
tion of bile acids in the liver is very important for maintaining
cholesterol homeostasis. Cholesterol 7α-hydroxylase (CYP7α1)
is the first and rate-limiting enzyme of bile acid synthesis in the
liver (1). Thus, the activity of CYP7α1 can have a major im-
pact on the overall catabolism of excess cholesterol. Epidemio-
logical studies and animal experiments suggest that lower
CYP7α1 activity or CYP7α1 gene deficiency is related to hy-
percholesterolemia and the accumulation of cholesterol in liver.
Mutation in the CYP7α1 gene may lead to high LDL-choles-
terol (LDL-C) level and cardiovascular disease, and enhance-
ment of CYP7α1 activity may decrease serum LDL-C effec-
tively (2–6).

The level of CYP7α1 is regulated by various factors includ-
ing nutrients, bile acid back to the liver from the intestine via
the enterohepatic circulation process, and others. The regula-
tion usually occurs at the level of transcription. Recently, some
of the factors that regulate transcription of this gene have been
described (7). Hydrophobic bile acids have a relatively strong
inhibitory effect on this enzyme. Among dietary nutrients, cho-
lesterol increases the expression of CYP7α1 mRNA (8–10),
and other dietary fats or FA also play a role in modulation of
CYP7α1 activity and mRNA expression. Cheema et al. in 1997
(11) reported that cholesterol status does not necessarily deter-
mine the amount of CYP7α1 mRNA, suggesting that other di-
etary fats are important factors in the regulatory potential of di-
etary cholesterol on CYP7α1 gene expression. The role of dif-
ferent FA in the ability of dietary cholesterol to stimulate liver
CYP7α1 mRNA abundance and protein content and to regu-
late total bile acid synthesis has not been fully investigated. 

The mechanisms by which dietary fat or FA affect choles-
terol-induced bile acid synthesis and CYP7α1 activity or gene
expression are complex and have not been elucidated so far.
Evidence from some studies indicates that FA does not directly
bind to CYP7α1 (12,13); the pathway of different FA that reg-
ulate CYP7α1 is worthy of further investigation. 

The present study investigated the effects of dietary fats
containing predominantly PUFA, MUFA, or SFA on the ability
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of dietary cholesterol to regulate liver CYP7α1 mRNA abun-
dance and bile acid synthesis.

MATERIALS AND METHODS

Animals and diets. Seventy-five female mice (C57BL/6J) from
the animal center of Sun Yat-sen University were used in the
experiments. The animals were bred and maintained under con-
ventional housing conditions, and all procedures were followed
in accordance with the approved protocol for use of experimen-
tal animals set by the standing committee on animal care at Sun
Yet-sen University. The animals were randomly divided into
five groups of 15 animals and fed for 6 wk with one of the fol-
lowing: a normal chow diet (AIN-93G formulation) (14) (BC
group); a chow diet containing 1 g/100 g cholesterol (Chol
diet); a chow diet with 1 g/100 g of cholesterol and 14 g/100 g
of safflower oil (Chol + PUFA diet); a chow diet with 1 g/100
g of cholesterol and olive oil (Chol + MUFA diet); or a chow
diet with 1 g/100 g of cholesterol and myristic acid (Chol +
SFA diet). Linseed oil (1 g/100 g) was also added to Chol +
PUFA, Chol + MUFA and Chol + SFA diets to ensure an ade-
quate source of n-3 FA (15). The composition of the diets is
shown in Table 1. The nutritional ingredients including casein,
mineral mixture, and vitamin mixture were all purchased from
Harlan Teklad (Madison, WI). Myristic acid and linseed oil
were purchased from Sigma (St. Louis, MO). The FA compo-
sition was determined by GLC (Table 2). The animals were
given free access to food and water. Samples of serum, liver,
small intestine and its whole content were collected after 6 wk.
Serum was frozen at −20°C, and the tissue samples were kept
in liquid nitrogen. The total energy intake in food or body
weight gained in the animals of the BC group was less than that
of four test groups; however, no differences in the intake of en-
ergy or body weight gained among the four test groups was ob-
served throughout the duration of the study (data not shown). 

Serum lipids. Blood samples were obtained by retro-orbital
bleeding under ether anesthesia, and serum was separated by
centrifugation. Serum TC, LDL-C, and HDL-cholesterol
(HDL-C) were measured using a Hitachi Automatic Analyzer
(Tokyo, Japan). Serum TC was determined by a cholesterol es-
terase and cholesterol oxidase assay (16), and the concentra-
tions of HDL-C were assayed by the same method after remov-
ing LDL-C and VLDL cholesterol with magnesium dextran
sulfate. Serum LDL concentrations were calculated according
to the Friedwald et al. formula (17), which assumes that circu-
lating VLDL consists of 80% TG and 20% cholesterol. 

Serum FA. The levels of serum FA were determined by cap-
illary GC after extraction by methanol and hexane (4:1, vol/vol)
and transesterification directly in a one-step reaction (18). The
relative amount of each FA (g/100 g) was quantified. Serum
levels of SFA, MUFA, and PUFA were calculated. 

Hepatic cholesterol level. Liver was removed immediately
and rinsed with cold PBS after the animal had been sacrificed,
then dried, minced, and weighed before extracting the lipids by
the method of Folch et al. (19). The TC content in liver was de-
termined by using an enzymatic fluorometric assay based on a
modification of the previously described methods (20). The
samples were run in duplicate. All values are expressed as
µmol/g tissue per animal.

Bile acid pool. The entire small intestine and its contents,
along with the bulk of the liver and the gallbladder, were ho-
mogenized and combined, then extracted with isopropanol.
The total bile acid content of the extract was taken to dryness
and resuspended in an appropriate volume of methanol. Bile
acids were quantified using the method of Bianchini et al. (21).

Preparation of liver microsomes. Liver microsomes were
obtained using a modification of the method of Cheema et al.
(11). Samples of frozen livers (100–500 mg) were minced in 1
mL of ice-cold buffer containing 0.3 mol/L sucrose, 1 mmol/L
EDTA, 50 mmol/L KF, 50 mmol/L KC1, 5 mmol/L DTT, 0.1
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TABLE 1 
Dietary Formulation of Mice in Different Dietary Groupsa

Groups 

Ingredient (g/kg) Basic chow (BC) Chol Chol + PUFA Chol + MUFA Chol + SFA

Cornstarch 397.486 391.62 341 341 341
Casein 200 200 200 200 200
Dextrinized cornstarch 132 129.77 113 113 113
Sucrose 100 98.1 85.3 85.3 85.3
Soybean oil 70 70 — — —
Safflower oil — — 140 — —
Olive oil — — — 140 —
Myristic acid — — — — 140
Linseed oil — — 10 10 10
Cholesterol — 10 10 10 10
Fiber 50 50 50 50 50
Mineral mixture (AIN-93G-MX) 35 35 35 35 35
Vitamin mixture (AIN-93-VX) 10 10 10 10 10
L-Cysteine 3 3 3 3 3
Choline bitartrate 2.5 2.5 2.5 2.5 2.5
TBHQ 0.014 0.014 0.014 0.014 0.014
aChol, cholesterol; MUFA, monounsaturated FA; SFA, saturated FA.



mol/L K2HPO4 (pH 7.4), and then disrupted in a 2-mL Potter-
Elvehjem homogenizer. Homogenates were centrifuged at 9,000
× g at 4°C. The supernatant was centrifuged for 70 min at
110,000 × g in a SW-60 rotor (Beckman Instruments) at 4°C. The
microsomal pellet from the second spin was resuspended in 1
mL of buffer containing 0.1 mol/L K2HPO4 (pH 7.4), 1 mmol/L
EDTA, 50 mmol/L KF, 5 mmol/L DTT, and 50 mmol/L KCl.
Aliquots of liver microsomes (60–70 mg/mL) were then rapidly
frozen in liquid nitrogen and stored at −80°C until assayed.

Assay for CYP7α1 mRNA by RT-PCR. Total RNA was ex-
tracted from liver by using a reagent kit according to the manu-
facturer’s instructions (Sangon, Shanghai, China). RNA was re-
verse-transcribed from 5 µg of total RNA in a final volume of 20
µL using the kit RT-PCR (Sangon). The reaction was stopped by
heating the samples at 70°C for 10 min. cDNA was subjected to
DNA amplification by PCR (22) using 2 units of Tag DNA poly-
merase and both primer pairs complementary to murine
CYP7α1 cDNA, PPARα cDNA, and actin cDNA, at a final con-
centration of 0.4 µmol/L of each primer. The reaction was pre-
denaturated at 94°C for 4 min. The amplification cycle (denatur-
ing at 94°C for 30 s, annealing at 56°C for 45 s, and extending at
72°C for 45 min) was repeated 35 times and followed by a final
extension for 10 min at 72°C. The primers for CYP7α1 were 5′-
CCTTGGGACGTTTTCCTGCT-3′ (sense) and 5′-GCGCT-
CTTTGATTTAGGAAG-3′ (antisense). The expected product
length was 515 bp. The primers for the “housekeeping gene” β-
actin were 5′-GGACTCCTATGTGGGTGACGAGG-3′ (sense)
and 5′-GGGAGAGCATAGCCCTCGTAGAT-3′ (antisense).
The expected product length was 366 bp. Final PCR products
were separated on 2% agarose gel and detected by ethidium bro-
mide staining. Semiquantitative estimation was done by com-

paring the amount of mRNA expression of CYP7α1 with β-
actin. 

Assay for CYP7α1 protein by Western blot. CYP7α1 pro-
tein was analyzed by immunoblotting with the anti-CYP7α1
antibody. Protein extracts of the liver microsome were pre-
pared, and protein concentration was determined by using a
Bio-Rad kit. Immunoblot analysis was performed using a mod-
ification of the method described by Liang et al. (23). Briefly,
microsomal polypeptides (50 µg of protein) were loaded on
10% SDS-PAGE (Bio-Rad Laboratories, Hercules, CA), and
the separated proteins were electrophoretically transferred to
polyvinylidene difluoride membranes at 100 V for 90 min. The
membrane was blocked in Tris-buffered saline with 0.1%
Tween 20 and 5% nonfat milk and probed with the goat poly-
clonal antibody to CYP7α1 (1:800) (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) overnight at 4°C, followed by a rabbit
anti-goat conjugated horseradish peroxidase IgG (1:10,000)
(Santa Cruz Biotechnology). Specific protein bands were re-
vealed by enhanced chemiluminescence and visualized by the
exposure to autoradiographic film.

Statistical analysis. Results are expressed as means ± SD.
Data were analyzed by one-way ANOVA coupled with the Stu-
dent–Newman–Keuls multiple comparison test. Differences
were considered significant if P < 0.05. SPSS 11.0 software
(Chicago, IL) was used for all statistical analyses.

RESULTS

Body weights and food intake. The amount of food consumption
by the mice was recorded daily and did not significantly differ
between the diet groups throughout the 6-wk feeding period. The
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TABLE 2 
FA Composition of Oil Useda (% total FA, wt/wt)

FA Safflower oil Olive oil Myristic acid Soybean oil Linseed oil

8:0 ND ND ND ND ND
10:0 ND ND ND ND ND
12:0 ND ND ND ND ND
14:0 ND ND 94.89 ND ND
16:0 5.00 11.34 1.21 10.42 5.31
16:1 ND 0.65 ND 0.42 0.17
18:0 2.33 2.83 0.17 4.11 3.42
18:1 10.53 78.21 0.14 20.41 21.48
18:2n-6 78.37 5.83 0.61 54.56 14.94
18:3n-3 0.26 ND 0.83 7.61 36.81
18:4n-3 ND ND ND 0.38 ND
20:0 0.40 ND ND 0.39 0.35
20:1 ND ND ND 0.10 0.47
20:4n-6 ND ND ND ND 0.22
20:5n-3 ND ND ND ND ND
22:0 0.34 ND ND 0.42 0.14
22:1 0.30 ND ND 0.31 0.26
22:6n-3 ND ND ND ND ND
Others 2.47 1.14 2.15 0.88 16.41
ΣSFA 10.34 14.17 96.27 15.34 9.22
ΣMUFA 10.83 78.86 0.14 24.24 22.38
ΣPUFA 78.63 5.83 0.23 62.55 51.97
aAbbreviations used: ΣSFA, sum of SFA; ΣMUFA, sum of MUFA; ND, not detectable (<0.005%); for other abreviations see
Table 1. 



body weights of the animals did not significantly differ among
the different dietary groups at the beginning. At the end of the
feeding period, the body weight of mice fed BC diet was signifi-
cantly lower than that of mice fed other diets, and there were no
significant differences among Chol, SFA + Chol, PUFA + Chol,
and MUFA + Chol dietary groups (data not shown).

Serum lipid profile. Addition of 1% cholesterol to the chow
diet induced hypercholesterolemia, and addition of different
types of FA with cholesterol further modified the plasma cho-
lesterol levels (Table 3). As compared with the 1% cholesterol
diet, supplementation of PUFA significantly decreased the
serum levels of LDL-C and the LDL-C/HDL-C ratio, but in-
creased the serum level of TC by 27% (P < 0.001) and that of
HDL-C by 44% (P < 0.001). MUFA reduced serum HDL-C by
6.7% (P < 0.05) and elevated LDL-C by 12% (P < 0.001) and

the LDL-C/HDL-C ratio by 21% (P < 0.001), but had no influ-
ence on serum TC. SFA increased serum TC, LDL-C, and the
LDL-C/HDL-C ratio by 56 (P < 0.001), 150 (P < 0.001), and
120% (P < 0.001), respectively. The mice fed the Chol + SFA
diet had the highest LDL-C level and LDL-C/HDL-C ratio as
compared with the other groups (P < 0.001) (Table 3).

Cholesterol accumulation in liver. Addition of cholesterol
to diets increased the hepatic TC accumulation in all diet
groups as compared with the BC diet (P < 0.001) (Fig. 1). Sup-
plementation with SFA doubled the liver cholesterol content as
compared with the 1% cholesterol diet alone (P < 0.001) and
resulted in the highest level of liver cholesterol among the diet
groups (P < 0.001). Accumulation of cholesterol in livers of
mice fed Chol + PUFA and Chol + MUFA diets was reduced
by 40 (P < 0.001) and 25% (P < 0.001), respectively, as com-
pared with the mice fed cholesterol alone (P < 0.001). There
was a significant difference in liver cholesterol levels between
the Chol + PUFA and the Chol + MUFA groups (P < 0.001).

Bile acid pool. Addition of 1% cholesterol to the BC diet in-
creased the bile acid pool size by 52% as compared with that
of the BC diet (P < 0.001) (Fig. 2). When different FA were
added to a cholesterol-supplemented diet, the response in bile
acid pool size was variable. The bile acid pool size of mice fed
the Chol + SFA diet decreased by 54% (P < 0.001) compared
with mice fed the Chol diet; animals consuming the Chol +
SFA diet had the lowest bile acid pool size among the different
dietary groups (P < 0.001). The bile acid pool size in mice fed
Chol + PUFA and Chol + MUFA diets increased by 26 (P <
0.001) and 48%, respectively, compared with mice fed a cho-
lesterol diet alone (P < 0.001). 

CYP7α1 mRNA expression and CYP7α1 protein content in
liver. To investigate whether different diets cause an alteration
of CYP7α1 mRNA, a reverse transcriptase-PCR analysis for
total mRNA samples extracted from the liver was performed,
and β-actin was used as housekeeping gene. The results
showed that the highest level of CYP7α1 mRNA was ex-
pressed in the liver of mice fed Chol diet (P < 0.001). Con-
sumption of Chol + PUFA or Chol + MUFA diets decreased
the expression of CYP7α1 mRNA by 43 and 50%, respec-
tively, compared with mice fed cholesterol alone (P < 0.001
and P < 0.001, respectively). The expression of CYP7α1
mRNA of the liver in mice fed Chol + SFA was only 16% (P <
0.001) of that of mice fed the Chol diet, and it was the lowest
among the groups (P < 0.001) (Fig. 3A).
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TABLE 3  
Serum Lipid Concentrations in Mice Fed Different Dietsa

Groups TC (mmol/L) LDL-C (mmol/L) HDL-C (mmol/L) LDL-C/HDL-C

BC 2.43 ± 0.11 0.35 ± 0.036 1.81 ± 0.11 0.20 ± 0.02
Chol 3.24 ± 0.09ll 0.59 ± 0.023ll 1.80 ± 0.07 0.33 ± 0.01ll

Chol + PUFA 4.11 ± 0.14ll,ss,I 0.58 ± 0.022ll,I 2.59 ±0.121ll,ss,I 0.23 ± 0.01ll,ss,I

Chol + MUFA 3.26 ± 0.20ll,I 0.63 ± 0.024ll,ss,I 1.58 ± 0.068ll,ss,I 0.40 ± 0.02ll,ss,I

Chol + SFA 5.04 ± 0.14ll,ss 1.48 ± 0.05ll,ss 1.85 ± 0.06 0.73 ± 0.02ll,ss

aResults shown are means ± SD, n = 10. ll, P < 0.001 vs. BC group; ss, P < 0.05 vs. Chol group; I, P < 0.001 vs. Chol +
SFA group. TC, total cholesterol; LDL-C, LDL-cholesterol; HDL-C, HDL-cholesterol; BC, basic chow; for other abbrevia-
tions see Tables 1 and 2. 

FIG. 1. Hepatic cholesterol concentrations in mice fed diets containing
cholesterol and different fats. Cholesterol accumulation in livers was
quantified as described in the Materials and Methods section. The dif-
ferences among the groups were analyzed by one-way ANOVA cou-
pled with LSD-t multiple comparison test. Values are expressed as
means ± SD, n = 8. ll, P < 0.001 vs. BC group; ss, P < 0.001 vs. Chol
group; HH, P < 0.001 vs. Chol + SFA group. BC, basic chow; MUFA,
monounsaturated FA; SFA, saturated FA.



Figure 3B shows that feeding of the cholesterol diet elevated
liver CYP7α1 protein content by 48% compared with the BC
group (P < 0.001), whereas feeding of the Chol + PUFA, Chol
+ MUFA, or Chol + SFA diets decreased CYP7α1 protein con-
tent by 29 (P < 0.001), 31 (P < 0.001), and 45% (P < 0.001),
respectively, as compared with mice fed cholesterol alone. The
mice fed Chol + SFA diet had the lowest content among the
groups (P < 0.001). 

DISCUSSION

All diets containing cholesterol in the present study induced
hypercholesterolemia, but the response of blood lipids to the
addition of different dietary FA to 1% cholesterol diet varied.
The striking aspect in these results was that when PUFA was
added to the Chol diet, the serum TC was significantly in-
creased, although the increased fraction was mainly in the
HDL-C. The effects of MUFA or SFA on serum cholesterol
levels were similar to those found previously (24–28). Com-
pared with cholesterol diet feeding, the Chol + MUFA diet pro-
duced the same serum TC, but significantly increased the LDLC/
HDL-C ratio, meaning that MUFA does not affect the total
serum cholesterol level but increases the distribution of choles-
terol in LDL-C. The Chol + SFA diet resulted in higher (P <
0.001) serum TC and LDL-C/HDL-C (Table 3). In addition,
the dietary cholesterol plus FA changed the accumulation of
cholesterol in the liver. Liver cholesterol in mice fed the Chol
+ SFA diet was the highest among the groups, and was three,
four, and five times more than that in mice fed Chol, Chol +
MUFA, and Chol + PUFA diets, respectively (Fig. 1). Together,
the changes of lipid profile in blood and cholesterol accumula-

tion in the liver following addition of SFA to the diet increased
the risk of atherosclerosis. Dietary PUFA showed a beneficial
effect, indicated by the increasing HDL concentration. MUFA
did not cause a beneficial change by improving the lipid pro-
file, as has been reported by others (29,30) because it increased
serum LDL concentration.

In the present study, feeding a diet containing SFA and cho-
lesterol for 6 wk reduced the bile acid pool size; consumption
of diets containing MUFA and PUFA increased the pool size
as compared with cholesterol alone. In previous study by
Cheema et al. (11), feeding the SFA diet for 3 wk to mice in-
duced the highest level of bile acids in gallbladder bile as com-
pared with PUFA and MUFA diets. The different lengths of the
feeding period could explain the discrepancy in results between
our study and the report of Cheema et al. Synthesis of bile acid
is affected by many factors, such as blood lipid profile,
CYP7α1 activity, and bile acid feedback. It is possible that bile
acid synthesis during a period of 3 wk of feeding of FA is dif-
ferent from that for 6 wk. A longer feeding period may better
reflect the real impact of FA on bile acid synthesis. Secondly,
Cheema et al. measured bile acid level in gallbladder bile,
which does not represent the bile acid pool size that we mea-
sured.

Cholesterol degradation to bile acids occurs via “classic”
(or neutral) and “alternative” (or acidic) bile acid biosynthetic
pathways. The classic or neutral pathway, common to all mam-
mals, is initiated by CYP7α1, an enzyme located in the endo-
plasmic reticulum. The rate of cholesterol degradation to bile
acids is controlled in part by the enzyme CYP7α1, which cat-
alyzes the initial step in the pathway of bile acid synthesis that
is responsible for more than 50% of bile acid formation (31,32).
CYP7α1 activity is controlled by a variety of hormonal and nu-
tritional factors. On the basis of the fact that a positive correla-
tion between CYP7α1 mRNA and CYP7α1 activity has been
illustrated by many studies (11,33), we assayed the CYP7α1
mRNA expression to examine the influence of different dietary
FA on the liver CYP7α1 activity. The stimulation of murine
CYP7α1 gene expression by dietary cholesterol is well docu-
mented (34,35). In the present study we also confirm that
CYP7α1 mRNA and protein abundance increased in response
to a 1% cholesterol supplementation of the diet. 

Dietary fats are known to modify the whole-body choles-
terol homeostasis; the mechanism proposed is related to the
regulation on CYP7α1 (1,24–28). Feeding 1% cholesterol in-
creased CYP7α1 gene expression; however, addition of dietary
FA to the cholesterol-enriched semipurified diets did not result
in a further increase of CYP7α1 mRNA and protein abun-
dance. The addition of PUFA, MUFA, and SFA to a 1% cho-
lesterol diet all caused a significant reduction in both CYP7α1
mRNA and protein abundance as compared with a 1% choles-
terol diet. The Chol + SFA diet caused the lowest expression of
CYP7α1 mRNA among the groups (Fig. 3). Although the ma-
jority of studies have documented induction of CYP7α1
mRNA in response to dietary PUFA and suppression in re-
sponse to dietary SFA, the reports on CYP7α1 mRNA in re-
sponse to MUFA have not been unanimous (11,36). It has been
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FIG. 2. Bile acid pool size in mice fed diets containing cholesterol and
different fats. The bile acid pool size in mice was assayed as described
in the Materials and Methods section. The differences among the groups
were analyzed by one-way ANOVA coupled with LSD-t multiple com-
parison test. Values are means ± SD, n = 7. ll, P < 0.001 vs. BC group;
ss, P < 0.001 vs, Chol group; HH, P < 0.001 vs. Chol + SFA group. For
abbreviations see Figure 1.



reported that SFA directly inhibit CYP7α1 activity, which is
related to the decrease of bile acid synthesis and smaller bile
acid pool size (11). The alteration of pool size of bile acid in-
duced by SFA diet is associated with the level of CYP7α1
mRNA. The SFA diet significantly decreased both the bile acid
pool size and CYP7α1 mRNA expression (Fig. 2). The most
striking aspect of the present results is that levels of CYP7α1
mRNA expression did not correlate with the variation of bile
acid pool size in mice fed PUFA and MUFA diets. Addition of
PUFA or MUFA to 1% cholesterol-supplemented diet led to a
significant increase in the bile acid pool but decreased CYP7α1
mRNA expression. 

Although several recent studies challenge the notion that the
regulation of CYP7α1 is a major determinant of plasma cho-
lesterol responsiveness, the regulation of bile acid biosynthesis
by CYP7α1 behavior is quite different between mouse and
human (33,37). The human CYP7α1 gene is not stimulated by

dietary cholesterol in transgenic mice. In contrast, CYP7α1
gene expression is responsive to dietary cholesterol in the
mouse (33). Bile acid synthesis exhibits negative feedback reg-
ulation via inhibition of the transcription of the CYP7α1 gene
and a decrease in the enzymatic activity of CYP7α1 (38–40).
The mechanism includes: “bile acid response element
(BARE)” (41); activation of protein kinase C (42), which in
turn activates farnesoid X receptor (FXR) (43,44); and cy-
tokines (45). The fact that the SFA diet caused the lowest
CYP7α1 mRNA expression and bile acid pool size among the
groups suggested that SFA may directly inhibit the liver
CYP7α1 through the BARE pathway. This result is consistent
with a study (45) that suggested that dietary saturated fats re-
tard excretion of dietary cholesterol as compared with PUFA
and MUFA. However, the levels of CYP7α1 mRNA and pro-
tein decreased, whereas, contrary to expectation, the bile acid
pool size increased in the mice fed Chol + PUFA or Chol +
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FIG. 3. Cholesterol 7α-hydroxylase (CYP7α1) mRNA (A) and protein (B) abundance in the liver
microsome of mice fed diets containing cholesterol and different fats. The CYP7α1 mRNA and
protein abundance were quantified as described in the Materials and Methods section. The lev-
els of CYP7α1 mRNA (protein) were calculated as the ratio of CYP7α1 to β-actin mRNA (pro-
tein). The differences among the groups were analyzed by one-way ANOVA coupled with LSD-t
multiple comparison test. Values are means ± SD, n = 5. ll, P < 0.001 vs. BC group; ss, P <
0.001 vs. Chol group; HH, P < 0.001 vs. Chol + SFA group. For other abbreviations see Figure 1.



MUFA diet. The effects of PUFA and MUFA on bile acid
biosynthesis may consist of positive and negative pathways.
PUFA and MUFA may directly exert stimulatory influence on
CYP7α1 expression (11,36), which in turn promotes bile acid
formation. However, bile acids back to the liver via the process
of enterohepatic circulation inhibit CYP7α1 expression. It has
been proposed that the bile acid pool size is the major regulator
of CYP7α1 activity (46). When the feedback inhibition effect
by bile acid overrides the induction by cholesterol and FA, the
integrated outcome is the decrease of CYP7α1 mRNA expres-
sion. Tiemann et al. (46) demonstrated that long-term feeding
of dietary cholesterol increases bile acid pool size despite de-
creased enzyme activity in mice. Thus, in the present study, the
lower CYP7α1 mRNA expression in mice fed Chol + PUFA
or Chol + MUFA may result mostly from the feedback inhibi-
tion of bile acids back to the liver rather than direct inhibition
from PUFA or MUFA. 

As already mentioned, the alternative (acidic) bile acid
biosynthesis is also an important mechanism for maintenance of
cholesterol homeostasis in animals (31). The acidic pathway ini-
tiated by CYP27α1 converts cholesterol to 27-hydroxycholes-
terol and cholestenoic acid. The acidic pathway may be consid-
ered as a reverse cholesterol transport process for removing ex-
cess cholesterol from the peripheral tissue to the liver for
conversion to bile acids and thus may protect humans from de-
veloping atherosclerosis (47). It is possible that the high blood
cholesterol concentration induced by dietary cholesterol and FA
may promote the pathway of acidic bile acid biosynthesis, thus
enlarging the bile acid pool size. Consequently, the increase of
bile acid going back to the liver via the enterohepatic circulation
process exerts an inhibitory role on CYP7α1 mRNA expression.
However, it was reported that the alternate pathway of bile acid
synthesis is not regulated by dietary cholesterol (35). How the
high plasma lipid profile stimulates acidic bile acid biosynthesis
remains unclear and needs further elucidation. 

In conclusion, the present study found that diets containing
SFA in addition to cholesterol decreased CYP7α1 gene expres-
sion and bile acid pool size, resulting in increased blood cho-
lesterol and LDL concentrations. The addition of PUFA and
MUFA to a cholesterol-supplemented diet increased bile acid
pool production or bile acid excretion despite decreased
CYP7α1 mRNA expression, which is beneficial in maintain-
ing cholesterol homeostasis. The different dietary FA may play
different roles in cholesterol removal or bile acid production
via CYP7α1 or other pathways. 
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ABSTRACT:  The regulation of palmitoyl-CoA chain elongation
(PCE) by clofibric acid [2-(4-chlorophenoxy)-2-methylpropionic
acid] was investigated in comparison with stearoyl-CoA desat-
urase (SCD) in the liver of obese Zucker fa/fa rats. The propor-
tion of oleic acid in the hepatic lipids of Zucker obese rats is
2.7 times higher than that of lean littermates. The activities of
PCE and SCD in the liver of Zucker obese rats were markedly
higher than in lean rats, and the hepatic uptake of 2-deoxyglu-
cose (2-DG) was also higher in Zucker obese rats compared
with lean rats. The increased activities of SCD and PCE in
Zucker obese rats were due to the enhanced expression of
mRNA of both SCD1 and rat FA elongase 2 (rELO2), but not
SCD2 or rELO1. The proportion of oleic acid in the liver was
significantly increased by the administration of clofibric acid to
Zucker obese rats, and the hepatic PCE activity and rELO2
mRNA expression, but not the SCD activity or SCD1 mRNA ex-
pression, were increased in response to clofibric acid treatment.
By contrast, the activities of both PCE and SCD and the mRNA
expression of SCD1 and rELO2 in the liver were increased by
the treatment of Zucker lean rats with clofibric acid. Multiple
regression analysis, which was performed to determine the re-
lationships involving PCE activity, SCD activity, and the propor-
tion of oleic acid, revealed that the three parameters were sig-
nificantly correlated and that the standardized partial regression
coefficient of PCE was higher than that of SCD. These results in-
dicate that oleic acid is synthesized by the concerted action of
PCE and SCD and that PCE plays a crucial role in the formation
of oleic acid when Zucker fa/fa rats are given clofibric acid. 

Paper no. L9702 in Lipids 40, 463–470 (May 2005).

Oleic acid is a major component of TG for storing energy and
an important constituent of phospholipids for maintaining
membrane function in mammals. Recently, the secretion of
VLDL has been shown to be highly dependent on oleic acid
production in the liver (1). Moreover, oleic acid is involved
in the differentiation of neurons (2,3), regulation of appetite
(4), and the development of obesity (5) and metabolic dis-
eases such as atherosclerosis (6). The biosynthesis of oleic
acid from palmitic acid involves sequential reactions cat-

alyzed by palmitoyl-CoA chain elongase (PCE) and stearoyl-
CoA desaturase (SCD) (7). PCE and SCD are induced by car-
bohydrates (8), refeeding after fasting (9,10), and peroxisome
proliferators, such as clofibric acid [2-(4-chlorophenoxy)-2-
methylpropionic acid], diethylhexylphthalate, and perfluo-
rooctanoic acid (7,11,12). Based on these findings, it has been
postulated that PCE is regulated by mechanisms similar to
SCD. However, on the basis of an experiment in which the
effects of carbohydrate and clofibric acid on PCE and SCD
were examined in the liver of Wistar rats, we concluded that
PCE is regulated in a manner different from that of SCD.
Thus, the effects of clofibric acid on the activities of PCE and
SCD in oleic acid formation in animals under a variety of
physiological conditions are of interest.

Lipogenesis in the liver of genetically obese Zucker fa/fa
rats is enhanced, resulting in excessive fat accretion and ele-
vated plasma levels of TG compared with their nonobese lit-
termates (13,14). The proportion of oleic acid in the hepatic
lipids of obese Zucker rats is much higher than that of lean
rats (15). It seems likely therefore that the formation of oleic
acid is not governed by normal regulation in the liver of obese
Zucker rats. However, no information is available on the ac-
tivity of PCE and its regulation in the liver of obese and lean
Zucker rats. Treatment of obese Zucker rats with fenofibrate,
a clofibric acid analog, has been demonstrated to increase the
proportion of oleic acid in hepatic lipids (13) but there is lit-
tle information about the response of PCE and SCD to fi-
brates.

The aims of the present work are (i) to identify the genes
responsible for PCE and SCD expression in the liver of lean
and obese Zucker rats, (ii) to study the effects of clofibric acid
on the expression of the genes responsible for PCE and SCD
in the liver of Zucker rats, and (iii) to investigate the role of
PCE, in comparison with SCD, in oleic acid formation in the
liver of Zucker rats. 

MATERIALS AND METHODS

Materials. [2-14C]Malonyl-CoA (55 Ci/mol) and 2-deoxy-[1-
14C]glucose (2-[14C]DG, 55 Ci/mol) were purchased from
American Radiolabeled Chemicals, Inc. (St. Louis, MO); D-
[2-3H]mannitol (20 Ci/mmol) was from MP Biochemicals
Inc. (Irvine, CA). Stearoyl-CoA, palmitoyl-CoA, malonyl-
CoA, clofibric acid, and BSA were purchased from Sigma (St.
Louis, MO); NADH and NADPH were from Oriental Yeast
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Co. (Tokyo, Japan); nonadecanoic acid was from Nu-Chek-
Prep Inc. (Elysian, MN). All other chemicals used were of an-
alytical grade. 

Animals. Male obese Zucker fa/fa rats and their lean litter-
mates aged 11 wk were purchased from Charles River Japan
(Tokyo, Japan). Rats were fed on a standard chow (CE-2)
(Clea Japan, Tokyo, Japan) ad libitum and allowed free ac-
cess to water. Rats aged 15 wk were given a subcutaneous in-
jection of clofibric acid at a dose of 100 mg/kg body weight
twice a day for 7 d. Blood was obtained from the descending
vena cava under diethylether anesthesia, and then their livers
were removed and perfused with ice-cold 0.9% (wt/vol) aque-
ous NaCl. Part of the livers was frozen in liquid nitrogen and
stored at -80°C for preparation of total RNA while another
part of the livers was homogenized with 4 vol of 0.25 M
sucrose/1.0 mM EDTA/10 mM Tris-HCl (pH 7.4) in a Potter
glass-Teflon homogenizer. An aliquot of the homogenates
was frozen in liquid nitrogen and stored at –80°C for lipid
analysis and assay for peroxisomal acyl-CoA oxidase (AOX).
The remaining homogenates were centrifuged at 18,000 × g
for 20 min, and the supernatant was recentrifuged under the
same conditions. The supernatant was centrifuged at 105,000
× g for 60 min. The pellet was resuspended in 0.25 M su-
crose/0.1 mM EDTA/10 mM Tris-HCl (pH 7.4) and recen-
trifuged under the same conditions. The resulting pellet was
resuspended in a small volume of 0.25 M sucrose/0.1 mM
EDTA/10 mM Tris-HCl (pH 7.4) and used as an enzyme
source (microsomes). All of these operations were carried out
at 0–4°C. Protein concentrations were determined by the
method of Lowry et al. (16) using BSA as a standard. All an-
imal studies complied with the institutional board for animal
studies, Josai University.

Enzyme assays. SCD activity was estimated spectrophoto-
metrically as the stearoyl-CoA-stimulated re-oxidation of
NADH-reduced cytochrome b5 (17). The assay for the micro-
somal chain elongation of palmitoyl-CoA was performed by
measuring the incorporation of [2-14C]malonyl-CoA into
palmitoyl-CoA (8). AOX was assayed by measuring palmi-
toyl-CoA-dependent H2O2 production according to the
method of Small et al. (18) as previously described (8).

RNA extraction and real-time quantitative PCR. Total
RNA was prepared from the livers of rats using an RNeasy

kit (Qiagen, Hilden, Germany). RNA was quantified spec-
trophotometrically based on the absorption at 260 nm. Com-
plementary DNA was prepared from the total RNA with
avian myeloblastosis virus (AMV) reverse transcriptase
(Takara, Tokyo, Japan). The specific primer sets for SCD1,
SCD2, rat FA elongase 1 (rELO1), and rELO2 were designed
using Primer Express 2.0 software (Applied Biosystems, Fos-
ter City, CA) (Table 1). The specific primer set for β-actin was
used as described by Zhang et al. (19). PCR amplification was
carried out using QuantiTect SYBR Green PCR master mix
(Qiagen) with 300 nM primers. The amplification and detec-
tion were performed with an iCycler IQ real-time detection
system (Bio-Rad, Richmond, CA). PCR conditions were a
15-min denaturation step at 95°C followed by 40 cycles of 15
s denaturation at 94°C, 30 s annealing at 57°C, and 30 s ex-
tension at 72°C. Reverse transcriptase-PCR products were an-
alyzed by electrophoresis on ethidium bromide-stained agarose
to ensure that a single amplicon of the expected size was in-
deed obtained. To measure PCR efficiency, serial dilutions of
reverse transcribed RNA (0.1 to 100 ng) were amplified, and a
line was obtained by plotting cycle threshold (CT) values as a
function of the starting reverse-transcribed RNA, the slope of
which was used for an efficiency calculation using the formula
E = 10|(1/slope)| – 1 (20). The quantity of any given gene, ex-
pressed as the value relative to the amount in the lean rats, was
calculated after determination of the difference between the CT
of the given gene A and that of the calibrator gene B (β-actin)
in the obese rats or clofibric acid-treated rats (∆CT1 = CT1A –
CT1B) and lean rats (∆CT0 = CT0A – CT0B) using the 2–∆∆CT(1 − 0)

formula (20). 
2-Deoxyglucose (2-DG) uptake. 2-DG uptake was mea-

sured according to Rajkumar et al. (21). In this procedure, rats
were fasted for 12 h and then anesthetized by an intraperi-
toneal injection of pentobarbital (50 mg/kg body weight). A
polyethylene catheter was placed in the right jugular vein, and
then 2-[14C]DG (9 µCi/rat) and D-[2-3H]mannitol (90 mCi/
rat) were injected through the catheter. D-[2-3H]Mannitol was
used to measure the extracellular spaces. For the determina-
tion of the decay of the specific radioactivity of 2-DG in
blood, 200-mL blood samples were collected at 3, 5, 10, 20,
30, and 40 min after the injection of 2-[14C]DG. The radioac-
tivity in plasma was determined with a liquid scintillation
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TABLE 1 
Sequences of Specific Primers Employed

Product size GenBank
Genea (bp) Accession No. Primers (5′-3′)

SCD1 123 J02585 Sense TGTTCGTCAGCACCTTCTTG
Antisense GGATGTTCTCCCGAGATTGA

SCD2 94 AB032243 Sense TGCACCCCCAGACACTTGTAA
Antisense GGATGCATGGAAACGCCATA

rELO1 117 AB071985 Sense GCTTCATCCACGTCCTCATGT
Antisense TCAGCACAAACTGGACCAGCT

rELO2 381 AB071986 Sense AGAACACGTAGCGACTCCGAA
Antisense CAAACGCGTAAGCCCAGAAT

β-Actin 220 V01217 Sense TGCAGAAGGAGATTACTGCC
Antisense CGCAGCTCAGTAACAGTCC

aSCD, stearoyl-CoA desaturase; rELO, rat FA elongase. 



counter (LSC-5100; Aloka, Tokyo, Japan), and the glucose
concentration was measured with a glucometer (Glucocard;
Aventis Pharma Japan, Tokyo, Japan). On completion of
blood sampling, rats were killed and the livers rapidly re-
moved. A small portion (about 200 µg) of each tissue was re-
moved, frozen in liquid nitrogen, and kept frozen at –80°C
for subsequent analysis. These tissues were digested at 70°C
for 30 min in 0.5 mL of 1 M NaOH, followed by the addition
of 0.5 mL 1 M HCl. Then 1 mL of 6% HClO4 was added to
the neutralized solution (200 mL) and, after centrifugation,
an aliquot of the supernatant was used for the determination
of radioactivity after the addition of 10 mL scintillation cock-
tail (EcoLite; ICN Biomedicals, Irvine, CA) in a scintillation
counter. Protein concentrations were determined by BCA pro-
tein assay (Pierce, Rockford, IL). Calculation of 2-DG uptak-
erate was carried out using Equation 1:

[1]

where 2-[14C]DG is the radioactivity (expressed as dpm per
mg protein) taken up by the liver; t is time (min); and SA is
the specific radioactivity of the glucose pool expressed as
dpm per nmol of plasma glucose. The 2-[14C]DG uptake de-
rived from these data reflects the net glucose uptake over the
40 min period. Extracellular spaces were calculated using the
formula: Extracellular spaces = (D-[2-3H]mannitol)liver/(D-
[2-3H]mannitol)plasma, where (D-[2-3H]mannitol)liver and (D-
[2-3H]mannitol)plasma represent mannitol concentrations in
tissue and plasma, respectively (22).

Lipid analyses. For quantification of FA, a known amount of
nonadecanoic acid was added to liver homogenates as an inter-

nal standard. Total lipid was extracted from the liver ho-
mogenates by the method of Bligh and Dyer (23). After the ex-
tract was taken to dryness in a stream of nitrogen, 1 mL of 10%
KOH/90% methanol was added, and then the mixture was
heated at 80°C for 60 min to allow saponification to take place.
Nonsaponified lipids were removed by extracting three times
with 3 mL hexane. After the addition of 1 mL of 6 M HCl, FFA
were extracted three times with 3 mL of hexane. The combined
extracts were taken to dryness, and methanolic BF3 (15%,
wt/vol) was added to the residue and the mixture heated at 100°C
for 10 min. The FAME formed were extracted with hexane and
subjected to GLC analysis as previously described (8). 

Statistical analyses. Statistical significance between clofibric
acid-treated and untreated rats or between Zucker lean and
obese rats was analyzed by Student’s t-test or Welch’s test after
applying the F-test for two means. Linear or multiple regression
analyses were performed to evaluate the correlation between
two or three parameters, respectively (24).

RESULTS

Activities and mRNA expression of both PCE and SCD in the
liver of Zucker lean and obese rats. The activities of PCE and
SCD in hepatic microsomes were measured in Zucker lean and
obese rats. The activities of PCE and SCD were approximately
3 and 5 times higher, respectively, in the obese rats than in their
lean littermates (Fig. 1). The mRNA expression of two rELO
genes, rELO1 and rELO2 (25), and two SCD genes, SCD1 (26)
and SCD2 (27), were determined in the liver of Zucker lean
and obese rats. The hepatic mRNA expression of rELO2 and
SCD1 in the liver of Zucker obese rats was markedly higher
than that of lean littermates, whereas no significant difference
was observed in the mRNA expression of either rELO1 or
SCD2 between lean and obese rats (Fig. 2).
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FIG. 1. Palmitoyl-CoA chain elongase (PCE) and stearoyl-CoA desaturase (SCD) activities in the liver of Zucker lean and
obese rats, with or without clofibric acid. Rats were given subcutaneous injections of clofibric acid twice a day for 7 d.
Microsomes were prepared from the rats, and the activities of PCE (A) and SCD (B) were determined. In (B), k+ is the rate
constant for steroyl-CoA-dependent reoxidation of NADH-reduced cytochrome b5. Open bars and solid bars represent
clofibric acid untreated rats and clofibric acid-treated rats, respectively. Values are means ± SD for four rats. *Differences
from clofibric acid-untreated rats were statistically significant (P < 0.05). #Differences between lean and obese rats were
statistically significant (P < 0.05).



Effects of clofibric acid on PCE and SCD activities and
mRNA expression in the liver of Zucker lean and obese rats.
The administration of clofibric acid to the lean rats increased
the activities of PCE and SCD 3.0 and 4.9 times, respectively
(Fig. 1). The treatment of the obese rats with clofibric acid
further increased PCE activity, whereas SCD activity did not
increase in response to clofibric acid treatment (Fig. 1). The
administration of clofibric acid to Zucker lean rats increased
the levels of mRNA for rELO2 and SCD1 5.1 and 2.8 times,
respectively (Fig. 2B,C). However, there were no significant
changes in the expression of either rELO1 or SCD 2 in lean
rats following administration of clofibric acid (Fig. 2A,D).
The treatments of Zucker obese rats with clofibric acid fur-
ther increased the expression of rELO2 mRNA (Fig. 2B), as
was observed with PCE activity (Fig. 1A), but the expression
of SCD1 mRNA was unaffected (Fig. 2C). To confirm that
the effect of clofibric acid on the liver of Zucker obese rats
was sufficient to induce peroxisome proliferator-responsive
enzymes, the effects of clofibric acid on liver weight and

AOX activity were determined (Table 2). In response to
clofibric acid administration, there was a marked increase in
AOX activity in both lean and obese rats. No significant dif-
ference was observed in AOX activity between lean and
obese rats following treatment with clofibric acid. The liver
weight of Zucker obese rats was 2.3 times greater than that of
lean rats, and treatment with clofibric acid increased the liver
weight of lean rats but not obese rats.

Proportion of hepatic oleic acid in Zucker lean and obese
rats, with or without treatment with clofibric acid. Figure 3
shows the effects of clofibric acid administration on the pro-
portion of oleic acid in hepatic lipids. The proportion of oleic
acid in the hepatic lipids of Zucker obese rats was 2.7 times
higher than that of the lean rats. The treatments of lean and
obese rats with clofibric acid increased the proportion of oleic
acid 2.0 and 1.4 times, respectively.

Effects of clofibric acid treatment on hepatic glucose up-
take in vivo. Table 3 shows the effects of clofibric acid treat-
ment on hepatic 2-DG uptake and the extracellular spaces in
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FIG. 2. mRNA expression of PCE and SCD in the liver of Zucker lean and obese rats, with or without clofibric acid.
mRNA levels of rat FA elongase 1 (rELO1) (A), rELO2 (B), SCD1 (C), and SCD2 (D) were determined in the liver of
Zucker lean and obese rats with or without clofibric acid treatment, using real-time reverse transcriptase-PCR and
normalized by the expression of β-actin. The data are expressed as the relative mRNA level compared with the av-
erage expression level in Zucker lean rats (=1). Open bars and solid bars represent clofibric acid-unreated rats and
clofibric acid-treated rats, respectively. Values are means ± SD for four rats. *Differences from clofibric acid-un-
treated rats were statistically significant (P < 0.05). #Differences between lean and obese rats were statistically sig-
nificant (P < 0.05). For other abbreviations see Figure 1.



Zucker rats. The blood glucose levels of the animals in the
fed state were not significantly different between lean and
obese rats, irrespective of clofibric acid treatment (data not
shown). The decay in the specific radioactivity of 2-[14C]DG
in plasma was similar in all the experimental groups (data not
shown), and the hepatic extracellular spaces were unaffected
by the treatment with clofibric acid. The uptake of 2-DG by
the liver in obese rats was 1.8 times higher than that in lean
rats. Clofibric acid treatment did not affect the hepatic uptake
of 2-DG in either lean or obese rats.

Relationship between the activity of PCE or SCD and the
proportion of oleic acid in the liver. Linear regression analy-
ses were carried out to examine the relationship between the
proportion of oleic acid and the activity of either PCE or SCD
in the liver. One regression line between the proportion of
oleic acid and PCE activity was obtained for 16 sets of data
from Figures 1 and 3, with a high correlation being seen be-

tween the two parameters (r2 = 0.728, P < 0.001). Similarly,
a high correlation was observed between the proportion of
oleic acid and SCD activity (r2 = 0.647, P < 0.001). The rela-
tive contribution of PCE and SCD to the proportion of oleic
acid was determined by multiple linear regression analysis.
The 16 sets of data from Figures 1 and 3 revealed a signifi-
cant correlation among the three parameters (r2 = 0.748, P <
0.001) (Table 4). The standardized partial regression coeffi-
cient between the proportion of oleic acid and PCE activity
was 0.60 (P < 0.05), whereas that between the proportion of
oleic acid and SCD activity was 0.29, with a partial correla-
tion not achieving statistical significance (P = 0.298).

DISCUSSION

Increased activity of PCE and increased proportion of oleic
acid in the liver of Zucker obese rats. In agreement with pre-
vious findings (13), the present study confirmed that the pro-
portion of oleic acid in hepatic lipids of Zucker obese rats is
much greater than that of their lean littermates. So far, an ele-
vated activity of hepatic SCD is believed to be responsible for
the increased proportion of oleic acid in the liver of Zucker
obese rats (28); we also demonstrated the enhanced hepatic
activity of SCD in obese rats. The biosynthesis of oleic acid
from palmitic acid involves sequential reactions catalyzed by
PCE and then SCD (7). Moreover, our recent study came to
the conclusion that PCE plays a more important role than
SCD in the physiological regulation of oleic acid biosynthe-
sis in the liver of Wistar rats (8). No information, however, is
available about the role of PCE in oleic acid formation in
Zucker obese rats. The present study shows that the activity
of not only SCD but also PCE in the liver is markedly higher
in Zucker obese rats compared with lean rats. The possibility
that the increased proportion of oleic acid following clofibric
acid treatment is due to degradation of erucic acid (22:1n-9)
is ruled out since the hepatic level of erucic acid was less than
the detection limit in the liver of any animals tested. To our
knowledge, this is the first evidence showing that Zucker
obese rats exhibit an elevated PCE activity in the liver. Re-
cently, two FA elongases, which catalyze the chain elonga-
tion of palmitoyl-CoA, rELO1, and rELO2, were cloned in
rat liver (25). Moreover, four isoforms of SCD (SCD1, SCD2,
SCD3, and SCD4) have been identified (26,27,29,30), and
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TABLE 2 
Effects of Clofibric Acid on Liver Weight and AOX Activity in the Liver of Zucker Ratsa

Clofibric Body weight Liver weight AOX activity
Phenotype acid (g) (g) (nmol/min/mg)

Lean – 390 ± 15 14.4 ± 0.7 3.7 ± 0.1
+ 370 ± 5.5* 18.1 ± 0.5 32.8 ± 2.0*

Obese – 590 ± 8.8# 33.5 ± 2.4# 4.9 ± 0.6
+ 601 ± 12# 39.5 ± 5.2# 33.7 ± 2.8*

aRats were given a subcutaneous injection of clofibric acid twice a day for 7 d at a dose of 100 mg/kg
body weight. Values are means ± SD for four rats. *Differences from clofibric acid-untreated rats
were statistically significant (P < 0.05). #Differences between lean and obese rats were statistically
significant (P < 0.05). AOX, acyl-CoA oxidase; clofibric acid, 2-(4-chlorophenoxy)-2-methylpropi-
onic acid. 

FIG. 3. Effects of clofibric acid administration on the proportion of oleic
acid in hepatic lipids of Zucker lean and obese rats. Rats were given a
subcutaneous injection of clofibric acid twice a day for 7 d. The FA
composition of hepatic lipids of Zucker obese and lean rats was ana-
lyzed. Open bars and solid bars represent clofibric acid-untreated rats
and clofibric acid-treated rats, respectively. Values are means ± SD for
four rats. *Differences from clofibric acid-untreated rats were statisti-
cally significant (P < 0.05). #Differences between lean and obese rats
were statistically significant (P < 0.05).



SCD1 and SCD2 were shown to be expressed in the liver of
rats (26,31). The present study shows a considerable increase
in the mRNA expression of rELO2 and SCD1, but not rELO1
or SCD2, in the liver of Zucker obese rats. It seems likely
therefore that the elevated expression of rELO2 and SCD1 is
responsible for the enhanced activities of PCE and SCD in
the liver of Zucker obese rats, respectively, leading to the
higher proportion of oleic acid. The present results strongly
suggest that, compared with rELO2 and SCD1, neither
rELO1 nor SCD2 plays a physiologically important role in
the increased formation of oleic acid in the liver of Zucker
obese rats. 

Both PCE and SCD are considered to be regulated by tran-
scriptional factors, such as peroxisome proliferator-activated
receptor-α (32, 33) and sterol regulatory element binding pro-
tein-1 (34,35). However, recent studies have shown that car-
bohydrate induces PCE and SCD activity via a pathway that
is independent of peroxisome proliferator-activated receptor-
α (8) and that fructose increases the expression of SCD1
mRNA in the liver of sterol regulatory element binding pro-
tein-1c knockout mice (36). In addition to these facts, our pre-
vious study showed that carbohydrate regulates PCE activity
in the liver of Wistar rats (8). These findings, taken together,
suggest the possible involvement of carbohydrate in the regu-
lation of PCE and SCD in the liver of Zucker obese rats. In
fact, the present study shows that the hepatic uptake of 2-DG
in Zucker obese rats is significantly greater than that in lean
rats. It seems plausible therefore that the elevated hepatic up-
take of glucose is responsible for the increase in the activities
of PCE and SCD in the liver of Zucker obese rats. The Zucker
obese rat has been shown to be deficient in leptin receptors
(37), and the leptin-mediated signal is considered to produce

down-regulation of SCD expression (5). It seems likely there-
fore that the higher expression of PCE and SCD in Zucker
obese rats is due to the loss of leptin signals in the liver. How-
ever, the relationship between glucose uptake and leptin re-
mains to be clarified. 

Induction of PCE by clofibric acid. Treatment of Wistar
rats with clofibric acid markedly induces both PCE and SCD
in the liver (8). However, in Zucker obese rats, there is no in-
formation about how clofibric acid affects the activity and
gene expression of both PCE and SCD. The present study
demonstrated that the proportion of oleic acid in the liver was
significantly increased by the administration of clofibric acid
to Zucker obese rats and that treatment with clofibric acid in-
creased hepatic PCE activity and rELO2 mRNA expression,
but not SCD activity or SCD1 mRNA expression. By con-
trast, the activities of both PCE and SCD are increased in re-
sponse to clofibric acid treatment in the liver of Zucker lean
rats. The increase in the activities of SCD and PCE is due to
the elevated levels of mRNA expression of both rELO2 and
SCD1. Both rELO1 and SCD2 exhibit no response to clofib-
ric acid in the liver of both Zucker lean and obese rats. It
should also be noted that PCE activity was additively induced
by treating Zucker obese rats with clofibric acid, whereas
SCD was not induced. Since clofibric acid induces AOX and
SCD activity via peroxisome proliferator-activated receptor-α
activation (32,38) and AOX is induced to the same extent in
the liver of both Zucker lean and obese rats, the lack of in-
duction of SCD by clofibric acid in Zucker obese rats seems
not to be due to a peroxisome proliferator-activated receptor-
-α defect in the liver. To date, PCE and SCD have been con-
sidered to be regulated through common factors, such as car-
bohydrates (8), refeeding after fasting (9,10), and peroxisome
proliferators (11,39,40). Our present results indicate the pos-
sibility that the mechanism of PCE regulation differs some-
what from that of SCD (8). Since hepatic glucose uptake is
not changed by treating Zucker lean and obese rats with
clofibric acid, it seems unlikely that clofibric acid regulates
PCE activity via a change in the hepatic uptake of glucose.

Role of PCE in the formation of oleic acid. Our previous
study suggested that PCE plays an important role in the for-
mation of oleic acid in the liver of Wistar rats (8). In the pre-
sent study, multiple regression analysis, which was performed
to determine the relationship among the activities of PCE,
SCD and the proportion of oleic acid, revealed that the stan-
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TABLE 4 
Relative Contribution of PCE and SCD to the Proportion of Oleic Acid
in the Liver of Zucker Ratsa

Standardized partial
Independent variable correlation coefficient P

PCE 0.604 <0.05
SCD 0.290 0.298
aMultiple linear regression analysis was performed on the 16 sets of mean data
from Figures 1 and 3. From the PCE activity, the SCD activity, and the proportion
of oleic acid, a single linear regression line was obtained: Y = 0.60X1+ 0.29X2; Y,
proportion of oleic acid; X1, PCE activity; X2, SCD activity; r2= 0.748; P < 0.001.
PCE, palmitoyl-CoA chain elongase; for other abbreviation see Table 1.

TABLE 3 
Effects of Clofibric Acid on Hepatic 2-DG Uptake and Extracellular Spaces in Zucker Ratsa

Clofibric 2-DG uptake Extracellular spaces
Phenotype acid (nmol/min/mg protein) (mL/mg protein)

Lean – 0.24 ± 0.01 1.8 ± 0.15
+ 0.21 ± 0.03 2.1 ± 0.67

Obese – 0.43 ± 0.09# 2.0 ± 0.53
+ 0.39 ± 0.09# 1.5 ± 0.13

aRats were given a subcutaneous injection of clofibric acid twice a day for 7 d at a dose of 100 mg/kg
body weight. Values are means ± SD for four to five rats. #Differences between lean and obese rats
were statistically significant (P < 0.05). 2-DG, 2-deoxyglucose; for other abbreviation see Table 2.



dardized partial regression coefficient of PCE was higher than
that of SCD. This result strongly suggests that the contribu-
tion of PCE to the regulation of the proportion of oleic acid is
greater than that of SCD in the liver of Zucker rats treated
with clofibric acid. The conclusion, which the present study
has reached, is the same as the conclusion of our previous
study using Wistar rats as experimental animals (8).

Thus, oleic acid is synthesized by the concerted action of
PCE and SCD, and PCE plays an important role in the forma-
tion of oleic acid in the liver. Clofibric acid increases oleic
acid formation via the induction of rELO2 in the liver of
Zucker obese rats.
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ABSTRACT: Paraoxonase 1 (PON 1) is an esterase with an-
tioxidant properties that is present in HDL. Gln192Arg polymor-
phism (also named Q192R or Q/R) of the PON 1 gene that en-
codes this protein defines two alleles (Q and R). The R allele
has been associated with higher cardiovascular risk. LDL size
and susceptibility to oxidation also have been identified as car-
diovascular risk factors. Our objective was to determine
whether genetic variations in the Gln192Arg polymorphism in-
fluence LDL size and susceptibility to oxidation after the con-
sumption of diets with different fat content. In our experiments,
the participants (n = 98) underwent three 4-wk diets—one, sat-
urated fat-enriched (SAT); another, monounsaturated fat-en-
riched (MONO); and a third, carbohydrate-enriched (CHO). We
observed that LDL were smaller in the QQ group after the CHO
diet vs. the SAT (P < 0.01) and MONO diets (P < 0.03). No dif-
ferences in LDL size were found in QR/RR subjects. When we
analyzed lag time of oxidation of LDL, we found that when car-
riers of the R allele (QR/RR) received the MONO diet, the lag
period of LDL oxidation was longer as compared with the CHO
diet. Otherwise, we found no differences in QQ homozygotes
when we evaluated the lag time of oxidation of LDL after the
three diets. These results suggest that the Gln192Arg polymor-
phism of the paraoxonase gene influences LDL size and suscep-
tibility to oxidation in response to diet. 

Paper no. L9680 in Lipids 40, 471–476 (May 2005).

The pathogenesis of atherosclerosis is multifactorial and is a
result of the interaction of various environmental and genetic
factors. Among these, genes encoding proteins related to lipid
metabolism may play a significant role. One of these genes is
responsible for encoding paraoxonase 1(PON 1), an HDL-as-
sociated esterase. It reduces the accumulation of lipoperox-
ides and destroys biologically active lipids that are present in
minimally oxidized LDL, which is why an antiatherogenic
role has been attributed to it (1,2). Recent data suggest the im-

portance of nutritional factors in the regulation of its enzy-
matic activity (3). Among these, saturated FA (SAFA) or food
rich in oxidized products decreases postprandial paraoxonase
activity (4,5), whereas oleic acid increases it (6). In the PON
1 gene there are several polymorphisms related to changes in
the activity of the enzyme. One of them is PON 1 Gln192Arg,
which has two genetic variations (Q and R alleles). Q is the
more prevalent form. The frequency of R varies among dif-
ferent populations, but an average frequency of 0.70 for Q
and 0.30 for R alleles can be estimated. This frequency of al-
leles conforms to 55% QQ, 45% QR, and10% RR genotypes
(7); Q allele (the more prevalent form) carriers produce an en-
zyme with a greater antioxidant capacity and a lower risk of
coronary heart disease (CHD); on the other hand, the muta-
tion that changes glutamine to arginine (R allele) has been
identified as a possible independent risk factor for CHD in
certain populations (8–10). A recent meta-analysis that in-
cluded 43 case–control studies and 23,998 participants esti-
mated the relative risk per allele of R allele for CHD as 1.12
(95% confidence interval 1.07–1.16). Nevertheless, the au-
thors of that work (11) found a high variability in their results.
A possible explanation of this variation could be the existence
of environmental factors (such as diet) that would interfere
with their results.

Diet plays an important role in the development of athero-
sclerosis. Saturated diets, high in SAFA, increase the forma-
tion of atherosclerotic plaques. Two diets have been proposed
to slow the progress of this entity. One of them is a low-fat,
high-carbohydrate (CHO) Diet. The other is the so-called
Mediterranean diet, characterized by 33–40% energy intake
as fat, mainly from monounsaturated FA (MUFA) from olive
oil (16–29% energy), and a high intake of fruit, vegetables,
grain, and fish and low consumption of meat, most of it in the
form of poultry (12–14). 

Small, dense LDL particles have an increased susceptibil-
ity to oxidative modification and elevated atherogenic prop-
erties (15). Because HDL prevents LDL oxidation, mainly by
the effect of the PON 1 enzyme, we wanted to establish
whether the existence of polymorphisms in the PON gene in-
teracts with diet to influence two interrelated features of LDL:
the size of the particles and their susceptibility to oxidative
modifications. 

Copyright © 2005 by AOCS Press 471 Lipids, Vol. 40, no. 5 (2005)

*To whom correspondence should be addressed at Hospital Universitario
Reina Sofia, Edificio de Consultas Externas, 2ª Planta, Servicio de Medicina
Interna, Avda. Menendez Pidal S/N, 14004 Córdoba, Spain. E-mail address:
jlopezmir@uco.es
Ninth author is Chief of Clinical Biochemistry Service, Hospital Universi-
tario Reina Sofía.
Abbreviations: apo, apolipoprotein; BMI, body mass index; CHD, coronary
heart disease; CHO, carbohydrate; MONO, monounsaturated fat; MUFA,
monounsaturated FA; PON 1, paraoxonase 1; SAFA, saturated FA; SAT, sat-
urated fat.

A Carbohydrate-Rich Diet Reduces LDL Size in QQ
Homozygotes for the Gln192Arg Polymorphism

of the Paraoxonase 1 Gene
J. Delgado-Lista, F. Perez-Jimenez, E. Gavilan, C. Marin, F. Fuentes, R.A. Fernandez-Puebla,

P. Perez-Martinez, J.A. Paniagua, C. Aguilera, and J. Lopez-Miranda*
Lipid and Arteriosclerosis Research Unit, Department of Medicine, Hospital Universitario Reina Sofía,

School of Medicine, University of Córdoba, 14004 Córdoba, Spain

 



MATERIALS AND METHODS 

Subjects of the study. Both the study protocol and the subjects
have been described previously (16). The volunteers (n = 98),
30 women and 68 men, ranged between 18 and 49 yr of age.
All supplied a clinical history and underwent a medical ex-
amination, with no evidence of any chronic illness (such as
cardiac, hepatic, renal, or thyroid dysfunction), obesity [de-
fined as body mass index (BMI) ≥30 kg/m2] or unusually high
levels of physical activity. None had a family history of early
onset coronary disease or had consumed substances that
might interfere with plasma lipid levels in the 6 mon before
the start of the study. Mean initial BMI remained constant at
22.6 ± 3.2 kg/m2 throughout the study, with oscillations of
less than 1%. To calculate individual daily energy require-
ments, the participants were asked, before the start of the ex-
perimental periods, to record in a diary their physical activity
and diet for a full week. They were also encouraged to main-
tain their lifestyle and normal levels of physical activity and
to note any event that could affect the outcome of the study,
such as stress, any changes in smoking habits, or changes in
the consumption of alcohol or foods not included in the ex-
perimental design. All the studies were carried out at the
Lipids Research Unit of the Reina Sofía University Hospital
(Córdoba, Spain), following the approval of the study proto-
col by the Human Investigation Review Committee of this in-
stitution. 

Design and diets in the study. The study design included
an initial 28-d period, during which all the subjects consumed
a diet rich in SAFA (SAT phase), and whose composition as
percentages of energy was: 15 protein, 47 carbohydrates, and
38 fats (of which 20% were SAFA, 6% PUFA, and 12%
MUFA). During the next 28-d phase, and under a randomized
crossover design, 49 subjects were given a Mediterranean
MUFA-enriched diet (MONO phase), composed of: 15% pro-
tein, 47% carbohydrates, and 38% fat (<10% SAFA, 6%
PUFA, 22% MUFA). During the third 4-wk period, they con-
sumed a low-fat, high-carbohydrate diet (CHO) diet (17),
which contained 15% protein, 55% carbohydrates and less
than 30% fat (<10% SAFA, 6% PUFA, 12% MUFA). The re-
maining participants were given the carbohydrate diet (CHO)
followed by the Mediterranean diet (MONO). The assign-
ment of volunteers to this sequence was randomized, follow-
ing a 1:1 ratio. Dietary cholesterol content remained constant
throughout all three phases. Eighty percent of the MUFA in
the MONO diet was obtained from extra virgin olive oil (Olea
europea species). Carbohydrate consumption in the CHO pe-
riod consisted of biscuits, bread, and jam. The source of satu-
rated fat during the SAT phase was butter and palm oil. 

Body weight was measured twice weekly. 
Tables of food values from the United States and Europe

(18,19) were used to calculate food composition and to de-
sign the menus for each dietary phase. During each experi-
mental period 14 menus, prepared with regular solid foods,
were used in rotation. All the meals, under the direct supervi-
sion of a qualified dietitian, were prepared and served in the

hospital. Dietary compliance was evaluated by examining the
food diaries. Duplicate samples from each menu were col-
lected and stored at −70°C. Protein, fat, and carbohydrate
contents of each diet were analyzed using standard methods. 

Blood sampling and biochemical determinations. Venous
blood was collected from the subjects in EDTA-containing
tubes (1 g/L) after a 12-h overnight fast, both at the beginning
of the study and at the end of each dietary period. Plasma was
then isolated from the samples obtained by centrifugation
(2500 × g for 10 min at 4°C). All analyses, except the one for
TG, were performed at the end of the study on samples stored
at −70°C, to minimize assay variability. Plasma TG and cho-
lesterol concentrations were measured using standard enzy-
matic methods (20,21). HDL cholesterol was measured using
phosphotungstic acid-MgCl2, after precipitation of apolipo-
protein B (apo B)-containing lipoproteins (22). Quality con-
trols were applied to every measurement using commercial
kits (Precinorm; Precilip; Boehringer Mannheim, Mannheim,
Germany). LDL cholesterol levels were calculated using the
Friedewald formula (23). Apo A-I and apo B were determined
by turbidimetry (24). 

LDL isolation. LDL was isolated from fresh plasma sam-
ples by sequential ultracentrifugation with a Beckman model
LE-70 ultracentrifuge with a type NVT65 rotor (Beckman,
Palo Alto, CA) for 2 h at 405,000 × g and 4°C.

Determination of LDL particle size. The predominant peak
particle diameter (LDL size) was measured in serum samples
with polyacrylamide gradient gel electrophoresis (2 to 16%
gradient) as previously described (25). The resulting gels
were scanned and analyzed with the Scion Image for Win-
dows (Scion Corporation, Frederick, MD) program. The LDL
size of the subjects was determined by interpolating LDL mi-
gration on a regression curve of pattern size (in nm) vs. mi-
gration.

LDL particle oxidation. LDL oxidation was performed in
vitro by adding Cu2+ (to a final concentration of 10 µmol/L)
to 50 µg of LDL in 500 µL of PBS. Oxidation kinetics was
analyzed by monitoring diene absorbance changes at 234 nm
at 37°C for 200 min at 5-min intervals, in a UV/vis spec-
trophotometer (Beckman DU 640), following the technique
described by Esterbauer et al. (26). The lag time (time before
onset of the exponential phase of the LDL oxidation curve,
expressed in minutes) was calculated as an indirect marker of
the onset of LDL particle lipoperoxidation. 

Genotype determination of the PON-1 polymorphism. DNA
was extracted from the samples stored at −20°C in 10 mL Na-
EDTA tubes. Codon 192 genotypes in the PON 1 gene were
identified by a combination of PCR followed by digestion of
the Alw-1 enzyme, as described by Humbert et al. (27). The
PCR reactive mixture contained not only the genomic DNA but
also MgCl2, 4 dNTP (deoxy nucleotide 5′-triphosphate), buffer
solution, DNA Taq polymerase, and the following oligonu-
cleotide primer sequence: E1, 5′-TATTGTTGCTGTGGGAC-
CTGAG-3′; and E2, 5′-CACGCTAAACCCAAATACATCTC-
3′. The denaturation phase of the DNA sequence was achieved
after 4 min at 95°C, followed by 30 denaturation cycles (30 s
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at 95°C), annealing (30 s at 59°C), and extension (45 s at
72°C). Ten microliters of the 99 bp PCR product as mixed with
the restrictive endonuclease Alw-1 in a total volume of 15 µL
for its enzymatic digestion. After incubating the mixture for
over 4 h at 37°C, the digested DNA was isolated by elec-
trophoresis onto an 8% nondenaturing polyacrylamide gel (2 h
at 150 V). Bands were visualized using silver staining. The R
genotype (Arginine) contains a unique restriction site, which
results in 66 and 33 bp products, whereas the Q genotype (glu-
tamine) does not cut, and its bands are located 99 bp away. 

Statistical analysis. We made a stratified analysis based on
the PON 1 Gln192Arg polymorphism. Population was dis-
tributed into two groups (QQ homozygotes, n = 58; QR/RR,
n = 40). QR and RR were studied together owing to the small
size of the RR group. Data were tested for statistical signifi-
cance by ANOVA for repeated measures. When statistical
significance was found, the Tukey’s post hoc comparison test
was used to identify group differences. A probability value
less than 0.05 was considered significant. All data presented
in text and tables are expressed as means ± S.E. The Statisti-
cal Package for the Social Sciences (SPSS) 11.0 (Chicago,
IL) was used for the statistical comparisons.

RESULTS

Relative frequency of QQ homozygotes and QR/RR subjects,
as well as participants’ baseline characteristics according to
genotype, are shown in Table 1. No differences were found
between the two groups, QQ and QR/RR, in terms of age,
BMI, or lipid and apo levels.

When evaluating the effect of the PON 1 Gln192Arg poly-
morphism on LDL particle size, we found no differences be-
tween different genotypes following the same diet. Neverthe-
less, we found that LDL were smaller in size in the QQ group
after the consumption of CHO-rich diet as compared with the
SAT- and MONO-rich diet (Table 2). In contrast, no differences
in LDL size were found in QR/RR subjects after the three diets. 

When studying LDL resistance to oxidation, we saw no
differences between subjects when analyzing QQ vs. QR/RR
groups for the same diet. Otherwise, we observed that replac-
ing the SAT-enriched diet with the MONO-enriched diet im-
proved resistance to oxidation, regardless of the Gln192Arg
genotype. Likewise, QR/RR subjects presented a higher re-
sistance to LDL oxidation after the MONO-enriched diet than
after the CHO-enriched diet. This result was not observed
with QQ homozygotes (Table 3).

With respect to plasma lipid levels after the consumption
of the three diets, we observed that the Q/R polymorphism
exerted no effect on the lipid level changes induced by the
different diets. According to previous knowledge, consump-
tion of the SAT-enriched diet increased levels of total choles-
terol, LDL, and HDL in comparison with the CHO-enriched
diet; similarly, consumption of the SAT-enriched diet in-
creased levels of total cholesterol and LDL but not HDL in
comparison with consumption of the MONO-enriched diet
(Table 4).

DISCUSSION

Our results show that a high-CHO diet induces the formation
of smaller LDL than high-fat diets in carriers of the QQ geno-
type for the Q192R polymorphism (also called Gln192Arg)
of the PON 1 gene, but not in carriers of the QR/RR geno-
types. The presence of an R allele (genotypes QR/RR) in-
creases LDL resistance to oxidation when a high-CHO diet is
replaced isocalorically by MONO. Furthermore, R carriers,

PARAOXONASE-1 GLN192ARG AND LDL SIZE RESPONSE TO DIET 473

Lipids, Vol. 40, no. 5 (2005)

TABLE 1 
Baseline Characteristics of Participants at Study Onseta, According to
the Gln192Arg Polymorphism (Q/R) of PON 1

QQ QR/RR P value 

Number (%) 58 (59.2) 40 (40.8)
Age (yr) 21.6 ± 2.1 21.4 ± 1.6 0.606
BMI (kg/m2) 22.9 ± 3.1 22.3 ± 3.3 0.353
TC (mmol/L) 4.18 ± 0.67 3.97 ± 0.59 0.132
LDL (mmol/L) 2.49 ± 0.66 2.24 ± 0.58 0.215
HDL (mmol/L) 1.29 ± 0.35 1.27 ± 0.34 0.748
TG (mg/dL) 0.96 ± 0.52 0.91 ± 0.43 0.623
ApoA-1 (g/L) 0.13 ± 0.27 0.13 ± 0.24 0.569
Apo B (g/L) 0.67 ± 0.16 0.65 ± 0.12 0.389
aPON 1, paraoxonase 1; BMI, body mass index; TC, total cholesterol; ApoA-
1 and B, apolipoproteins A-1 and B.

TABLE 2
LDL Sizea (nm) [mean (SE)]

G Diet LDL size (nm)

QQ SAT 25.95 (0.11)a

CHO 25.77 (0.09)b

MONO 25.91 (0.11)a

QR/RR SAT 25.86 (0.13)a

CHO 25.86 (0.11)a

MONO 25.96 (0.13)a

P Genotype 0.922
Diet 0.043
Interaction 0.288

aValues with different superscript letters are statistically different. Differences
between SAT and CHO in QQ are at a level of P = 0.01 and between MONO
and CHO in QQ are P = 0.025). G, genotype; SAT, saturated FA-enriched
diet; CHO, carbohydrate-enriched diet; MONO, monounsaturated FA-en-
riched diet.

TABLE 3 
LDL Oxidation Lag Timea (min) [mean (SE)]

G Diet Lag time (min)

QQ SAT 44.69 (3.88)a

CHO 48.12 (3.38)a,b

MONO 52.59 (3.55)b

QR/RR SAT 44.90 (4.73)a

CHO 45.41 (4.12)a

MONO 55.79 (4.33)b

P Genotype 0.963
Diet 0.001
Interaction 0.445

aValues with different letters are statistically different. Differences between
MONO and SAT in QQ are at a level of P = 0.03. Differences between
MONO and SAT in QR/RR are at P = 0.02, and between MONO and CHO
in QR/RR are P = 0.005. For abbreviations see Table 2.



although they show no difference in LDL size in the CHO
diet, benefit from changing from this diet to MONO, as it in-
creases the resistance of their LDL to oxidation. 

Data were obtained from an intervention study based on a
baseline diet, followed by two diets administered using a ran-
domized crossover design, in young normolipemic subjects.
The rigorous control of the dietary protocol makes these data
particularly significant. As described earlier, we observed an
increase in LDL in vitro oxidation lag time during the con-
sumption of a MONO-enriched diet as compared with SAT-
and CHO-enriched diets, regardless of the PON genotype. 

We previously reported other gene–diet interactions in lipid
metabolism-related genes. Apo E has an important role in the
metabolism of TG-rich lipoproteins. Genetic variations in the
promoter region of apo E defines three alleles: E3, E4, and E2.
It is known that people who carry E4 and E2 alleles in their apo
E genotype show different lipid responses to diet from persons
who are homozygous for the most prevalent form, E3. We have
recently shown a direct relation between apo E genetic alleles
and LDL size response to diet (28). To avoid confusing factors,
we selected only E3E3 homozygotes in this study (29–32).

The relationship between the Q192R polymorphism and
lipid response to different types of diets in humans is little
known. In experiments with animals atherogenic diets have
been found to decrease PON 1 activity, whereas a MONO-en-
riched diet or polyphenols increase it (33). In a study carried
out on healthy women, a low-vegetable diet decreased PON 1
activity. The presence of the R allele in the Q192R polymor-
phism was thought to be responsible for a more marked de-
crease in this activity and in HDL reduction (34). However, as
noted above, we observed no difference in the lipid response of
the different genotypes to changes in dietary fat composition. 

The Q192R polymorphism of PON 1 gene has two alleles,
the Q allele, which carries a glutamine molecule at position
192, and the R allele, which carries arginine. The presence of
the R allele previously has been associated with a higher car-
diovascular risk, although evidence to support this view re-
mains incomplete (8,11,35,36). This allele determines the pro-
duction of PON, conferring it with a greater ability to metabo-
lize paraoxon; this artificial substrate, which is not naturally
present in humans, has been used in experimental studies to
evaluate enzyme activity, although the clinical importance of

this ability is not clear. The enzyme activity metabolizing
paraoxon seems to increase according to the following pattern:
QQ < QR < RR (37).

On the other hand, several studies have shown that the Q al-
lele has a greater antioxidant ability than the R allele, owing to
its higher esterase and peroxidase activities (38,39). 

Earlier work indicated that a low-fat diet induced a decrease
in LDL particle size in the general population (15). In our
study, QQ subjects followed this trend, but not QR/RR. On the
other hand, R carriers showed a greater resistance of LDL to
oxidation after consumption of the MONO-enriched diet com-
pared with SAT- and CHO-enriched diets. No data about the
polymorphism of PON 1 or LDL lag time in response to diet
have been reported, but a study by Tomás et al. (40) revealed
that a high oleic oil diet improves HDL cholesterol levels and
PON 1 activity in carriers of the R allele (39). Furthermore
Kuremoto et al. (41) recently associated the R/R genotype in
Japanese (another population typically consuming a highly un-
saturated fat diet) with lower LDL and HDL oxidation and
lower risk of coronary disease. Our findings support the idea
that carriers of QQ and QR do not have the same response to
diet with respect to LDL. QQ subjects decreased their LDL par-
ticle size when exposed to a CHO-enriched diet. This effect has
been previously shown in a general population not genotyped
for PON 1. Nevertheless, QR/RR did not show this decrease in
the present study. On the other hand, we found a more pro-
longed LDL oxidation lag time after consumption of the
MONO diet compared with CHO diet only for QR/RR, and not
for QQ. Although further research is needed, we hypothesize
that PON 1 increases its function in R carriers following con-
sumption of a MONO-enriched diet, and so LDL resistance to
oxidation increases in these persons. In agreement with this hy-
pothesis, it has been proposed before that an oleic acid-rich diet
gives protection against lipoprotein oxidation, particularly in
men carrying one or two R alleles and that increasing the
amount of oleic acid in the diet of R carriers should reduce the
risk of atherosclerosis (40).

The influence of the Q192R polymorphism as an isolated
factor for absolute coronary disease risk is thought to be slight,
although it could become clinically significant when combined
with other environmental risk factors, such as diet (42). 
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ABSTRACT: We have studied the effects of dietary FA on the
accumulation and secretion of [3H]glycerolipids by salmon he-
patocytes in culture. Atlantic salmon were fed diets supplemented
with either 100% soybean oil (SO) or 100% fish oil (FO), and
grew from an initial weight of 113 ± 5 g to a final weight of 338
± 19 g. Hepatocytes were isolated from both dietary groups and
incubated with [3H]glycerol in an FA-free medium; a medium
supplemented with 0.75 mM of one of three FA—18:1n-9, 20:5n-3,
or 22:6n-3—or a medium supplemented with 0.75 mM of the
sulfur-substituted FA analog tetradecylthioacetic acid (TTA),
which cannot undergo β-oxidation. Incubations were allowed to
proceed for 1, 2, 6, or 24 h. The rate of the secretion of radioac-
tive glycerolipids with no FA added was 36% lower from hepato-
cytes isolated from fish fed the FO diet than it was from hepato-
cytes isolated from fish fed the SO diet. Hepatocytes incubated
with 18:1n-9 secreted more [3H]TAG than when incubated with
no FA, whereas hepatocytes incubated with 20:5n-3 or TTA se-
creted less labeled TAG than when incubated with no FA. This
observation was independent of the feeding group. Hepatocytes
incubated with 22:6n-3 secreted the highest amounts of total
[3H]glycerolipids compared with the other treatments, owing to
increased secretion of phospholipids and mono- and diacylglyc-
erols (MDG). In contrast, the same amounts of [3H]TAG were se-
creted from these cells as from cells incubated in an FA-free
medium. The lipid-lowering effect of FO is thus independent of
22:6n-3, showing that 20:5n-3 is the FA that is responsible for the
lipid-lowering effect. The ratio of TAG to MDG in lipids secreted
from hepatocytes to which 20:5n-3 or TTA had been added was
lower than that in lipids secreted from hepatocytes incubated
with 18:1n-9 or 22:6n-3, suggesting that the last step in TAG syn-
thesis was inhibited. Morphometric measurements revealed that
hepatocytes incubated with 20:5n-3 accumulated significantly
more cellular lipid than cells treated with 18:1n-9, 22:6n-3, TTA,
or no treatment. The area occupied by mitochondria was also
greater in these cells. The present study shows that dietary FO re-
duces TAG secretion from salmon hepatocytes and that 20:5n-3
mediates this effect.

Paper no. L9540 in Lipids 40, 477–486 (May 2005).

Fish oil (FO), which is particularly rich in the PUFA 20:5n-3
and 22:6n-3, has traditionally been used as the predominant

lipid component of salmon feed. However, the uncertain sup-
ply and variable price of FO have led to an interest in using the
more readily available plant oils rich in 18-carbon n-6 [soybean
oil (SO) and sunflower oil] and n-9 (rapeseed oil) FA in salmon
diets. Little information is available, however, concerning how
these plant oils affect lipid deposition in salmon hepatocytes
and how they affect the secretion of TAG-rich VLDL from
these cells. There is considerable evidence that consumption of
FO lowers plasma TAG concentrations in humans (1,2) and
protects against coronary heart diseases (1,3,4). It is particu-
larly important to study these processes in salmonids, since
they are more predisposed to coronary arteriosclerosis than
other fish species (5). Several mechanisms are probably in-
volved in the inhibiting effect of FO on the secretion of TAG-
rich VLDL particles in mammals, and the detailed mechanisms
have not been completely elucidated. The effect has been at-
tributed to the content of n-3 FA in the feed (6,7). Studies using
primary hepatocytes from rats have shown that n-3 PUFA in-
hibit the secretion of TAG-rich VLDL (8–11). The PUFA in-
hibit diacylglycerol acyltransferase (DGAT, EC 2.3.1.20)
(12–15), which is the rate-limiting enzyme in TAG synthesis,
and they inhibit the assembly process of the VLDL particles
(9,10,16). Furthermore, several studies in mammals have
shown that the lipid-lowering effect of FO is mediated by
20:5n-3 and not by 22:6n-3 (13–15,17,18).

We have investigated the effects of several FA on lipid ac-
cumulation and on the secretion of glycerolipids in Atlantic
salmon. We isolated hepatocytes from salmon fed diets supple-
mented with either FO or SO and then added the two main
PUFA in FO (20:5n-3 and 22:6n-3) separately to the hepato-
cyte cultures. We incubated other cultures with 18:1n-9, which
is a common FA in vegetable oils and which stimulates lipid
secretion by cultivated rat hepatocytes (9,13,19). Finally, we
compared the effects of these FA with the effects of a sulfur-
substituted FA analog, tetradecylthioacetic acid (CH3–
(CH2)13–S–CH2–COOH) (TTA), on glycerolipid secretion.
TTA is unable to undergo β-oxidation (for review see Ref. 20),
and it inhibits TAG secretion in mammals (14,21). 

MATERIALS AND METHODS

Materials. TTA was produced at Dr. R. Berge’s laboratory
(Haukeland Hospital, University of Bergen, Norway). The ra-
dioactive isotope [1,2,3-3H]glycerol (30–60 Ci/mmol) was ob-
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tained from American Radiolabeled Chemicals, Inc. (St. Louis,
MO). Nonlabeled glycerol, Leibowitz-15 medium, FBS, an-
tibiotics, HEPES, L-glutamine, collagenase, trypsin, FA, essen-
tial FA-free BSA, collagenase type 1, and 2′,7′-dichlorofluo-
rescein were all supplied by Sigma-Aldrich (St. Louis, MO).
Tissue culture plastic ware was obtained from NalgeNunc In-
ternational (Naperville, IL). Acetic acid, chloroform, petroleum
ether, diethyl ether, and methanol were purchased from Merck
(Darmstadt, Germany). Benzene was obtained from Rathburn
Chemicals, Ltd. (Walkerburn, Scotland). Methanolic HCl and
2,2-dimethoxypropane were purchased from Supelco Inc.
(Bellefonte, PA). Glass-baked silica gel K6 plates were ob-
tained from Whatman International, Ltd. (Maidstone, Eng-
land). Glutaraldehyde, epon resin, copper grids, and lead cit-
rate were supplied by Electron Microscopy Sciences (Fort
Washington, PA). 

Fish and experimental design. The feeding study was per-
formed as described by Grisdale-Helland et al. (22). Briefly,
Atlantic salmon in tanks containing seawater at 12°C were fed
for approximately 950 day-degrees with one of two test diets.
There were three tanks per diet. The diets, containing 30% fat,
were based on fish meal and differed only in the type of sup-
plementary oil that they contained [see Grisdale-Helland et al.
(22) for a detailed description of the diets]. The fish were fed
ad libitum using automatic band-feeders every 10 min, 24 h/d.
Supplementary lipid in one diet, called “FO,” came solely from
fish oil (capelin oil), whereas the supplementary lipid in the
other diet, called “SO,” came solely from crude soybean oil.
The salmon grew from an initial weight of 113 ± 5 g to a final
weight of 338 ± 19 g.

Isolation of hepatocytes. Three fish from each tank were used
for isolation of hepatocytes at the end of the growth period. The
fish were anesthetized with metacain. The abdominal cavity was
exposed and the vena porta cannulated. The liver was perfused
following a two-step collagenase procedure developed by Seglen
(23) and modified by Dannevig and Berg (24), to isolate hepato-
cytes. The hepatocytes were easily isolated after the collagenase
digestion by gentle shaking of the digested liver in Leibowitz-15
medium. The suspension of parenchymal cells was filtered
through a 100 µm nylon filter. Hepatocytes were isolated from
this suspension by three sedimentations each of 2 min at 50 × g.
The hepatocytes were resuspended in Leibowitz-15 culture
medium containing 2% FBS, 2 mM L-glutamine, and 0.1 mg
mL−1 gentamycin. Cell viability was assessed by staining with
Trypan blue (0.4%). The protein content of the cell suspension
was determined using the method described by Lowry et al. (25).
Approximately 5 × 106 hepatocytes (approximately 8 mg of pro-
tein) were plated onto 75-mL Nunc flasks and left to attach
overnight at 12°C. 

Incubation with FA and [3H]glycerol. The hepatocytes were
thoroughly washed with Leibowitz-15 medium without serum
supplementation, before the incubation with FA and [3H]glyc-
erol. Each cell flask with hepatocytes was incubated with 0.5
Ci/mmol [3H]glycerol (final glycerol concentration 25 µM), 10
mM lactate, and either no FA (Ctr), 18:1n-9, 20:5n-3, 22:6n-3,
or TTA in a total volume of 5 mL Leibowitz-15 medium. A

final FA concentration of 0.75 mM was used, a concentration
often used in similar studies with mammalian cells (13,19). The
FA were added to the medium in the form of their potassium
salts bound to BSA (the molar ratio between an FA and BSA
was 2.5). The cells were incubated for 1, 2, 6, or 24 h at 12°C,
and then the medium from each culture flask was transferred to
vials and centrifuged for 5 min at 50 × g. The supernatant (cul-
ture medium) from a flask was either immediately frozen at
−70°C and stored until the analysis of radiolabeled lipids or di-
rectly used for the isolation of VLDL as described next. Hepa-
tocytes were washed twice with 0.1 M PBS (pH 7.4), followed
by preparation for electron microscopy. 

Isolation and analysis of VLDL. To determine the most rep-
resentative method for investigating the secretion of glyc-
erolipids from cultivated hepatocytes, we compared the lipid
analysis of secreted VLDL fractions with the analysis of total
esterified lipids secreted to the culture media. Hepatocytes from
SO-fed fish that had been incubated for 1, 2, 6, or 24 h in a
medium without FA supplementation, but with [3H]glycerol,
were used for the comparison of the two methods. The culture
media were divided in two halves at each time point; one for
VLDL separation and one for determination of total secreted
esterified lipids. A discontinous NaCl/KBr gradient was
formed by filling Bell-top Quick-Seal tubes with two layers
with different densities, using a peristaltic pump. A layer of
aqueous NaCl solution (10 mL, 0.9%) was pumped into the
bottom of the tube, and then culture medium (5 mL), the den-
sity of which had been adjusted to 1.30 g mL−1 with KBr, was
pumped underneath. The tubes were sealed with a cordless tube
stopper and then ultracentrifuged (4 h, 4°C, average accelera-
tion 167,153 × g) in a vertical rotor, using slow acceleration
and deceleration below 160 rpm. The procedure was a modi-
fied version of the procedure developed by Chung et al. (26).
Rotor shut-down added approximately 20 min to the total run-
time. The top of the tube was gently sliced off using a scalpel,
and the gradient was unloaded into 30 fractions (each of vol-
ume 0.5 mL) from the bottom of the tube using a peristaltic
pump. The fractions covered the density range from 1.01 to
1.28 g mL−1. The density of a fraction was determined by mea-
suring its refractive index (n) in a refractometer, and calculat-
ing the density according to: 

d = 3.298n – 3.396G [1]

where d is the density of the fraction and G is the density of the
NaCl/KBr gradient at which this fraction was collected.

VLDL was recovered from the surface of the gradient with
density lower than 1.015 g mL−1. The VLDL fraction was
frozen at −70°C and stored until the analysis of radiolabeled
lipid classes and protein composition. Protein samples (0.5 µg
protein) from the fraction associated with VLDL were added
to a buffer containing SDS and boiled for 5 min. They were
then loaded onto a 7% polyacrylamide gel for further analyses
by SDS-PAGE as described by Burnette (27). 

Lipid extraction and analysis of lipid classes and FA com-
position. Total lipids were extracted from culture media and
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from VLDL by the method described by Folch et al. (28). The
chloroform phase was dried under N2, and the residual lipid ex-
tract was redissolved in hexane. Phospholipids (PL), mono-
and diacylglycerols (MDG), and TAG were separated by TLC
using a mixture of petroleum ether, diethyl ether, and acetic
acid (113:20:2, by vol) as the mobile phase. The lipids were vi-
sualized by spraying the TLC plates with 0.2% (wt/vol) 2′,7′-
dichlorofluorescein in methanol, and they were identified by
comparison with known standards under UV light. The spots
corresponding to PL, MDG, and TAG were scraped off into
vials containing liquid scintillation fluid (InstaGel II Plus;
Packard Instrument, Downers Grove, IL), and the radioactivity
was measured in a liquid scintillation counter (TRI-CARB
1900 TR; Packard Instrument). There are certain limitations to
the method used, and what is actually measured is the recovery
of tritium (derived from tritiated glycerol) in the different lipid
class fractions. The total FA profiles in the diets were deter-
mined by GC as described by Grisdale-Helland et al. (22). The
total endogenous FA composition of hepatocytes was deter-
mined essentially as described by Ruyter et al. (29). 

Preparation of hepatocytes for electron microscopy. After
being washed in 0.1 M PBS, cells were scraped from the flask
into 2 mL of 0.1 M PBS (pH 7.4), gently centrifuged, and then
resuspended and fixed in 2% glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.4) at 4°C for 24 h. The cells were rinsed in the same
buffer and post-fixed for 60 min in 2% OsO4 containing 1.5%
potassium ferrocyanide, followed by en bloc staining with 1.5%
uranyl acetate. Cells were dehydrated in a series of ethanol solu-
tions (70, 90, 96, and 100%) and propylene oxide, and then em-
bedded in epon resin, which was polymerized at 60°C for 12 h.
Ultrathin sections (approximately 50 nm) were cut on a Reichert
Ultracut E ultramicrotome using a diamond knife. The sections
were placed onto formvar/carbon-coated 75-mesh copper grids,
post-stained for 2 min with 0.2% lead citrate solution in 0.1 M
NaOH, and examined in a Philips CM 100 transmission electron
microscope at an accelerating voltage of 80 kV.

Morphometry. Hepatocytes isolated from three fish in each
feeding group were incubated for 24 h in medium containing
either no FA (Ctr), 18:1n-9, 20:5n-3, 22:6n-3, or TTA. Lipid
droplets and mitochondria in these samples were then analyzed
by morphometry. Micrographs for morphometry were taken
from 20 cells per treatment at a magnification of 2950×, at ran-
dom positions in the sample. A square lattice grid was super-
imposed onto the micrographs, and the number of intersections
falling on lipid droplets or on mitochondria was counted. We
determined the total area of the mitochondria and of the lipid
droplets in the cells relative to the total area of the cells (ex-
cluding the nuclei), as described by Hexeberg et al. (30). In
brief, the percent area, A, of the cells constituting lipid droplets
or mitochondria was calculated from: 

A = (Plip /Pcell) × 100 [2]

where Plip is the number of intersections falling on the lipid
droplets and Pcell is the number of intersections falling on the
cells (excluding the nuclei).

Statistical analysis. ANOVA was carried out using a model
that included effects of diet, incubation time, and exogenous
FA, and all interactions between these factors, to analyze the
effect of endogenous FA composition on the secretion of total
radiolabeled lipids. A reduced model in which only main ef-
fects were included was used where the interactions included
in the full model gave nonsignificant results. Treatment differ-
ences were ranked using Duncan’s multiple range test for the
main effects. Pearson’s correlation coefficient was calculated
and used to analyze the correlation between the mitochondrial
area and the lipid area. 

One-way ANOVA (general linear model) was used to test
the significance of the analysis of the level of [3H]glycerolipids
secreted at different time points and at different additions of
exogenous FA. Significant differences between means were an-
alyzed using Duncan’s test. Differences were considered to be
significant at a 5% level. SAS computer software was used for
all the statistical analyses (31).

RESULTS

FA composition. The SO diet contained more than eight times
more n-6 FA (45.4%) than the FO diet (5.3%). The FO diet, on
the other hand, contained almost twice as much n-3 FA (21.3%)
as the SO diet (10.9%). The percentage of total monounsatu-
rated FA was twice as high in the FO diet (49.3%) than in the
SO diet (25.3%). The FA composition of hepatocytes isolated
from fish fed either the SO or the FO diets was substantially af-
fected by the dietary FA composition (Table 1). The percent-
age of n-3 FA in the hepatocyte lipids was 1.6 times greater in
cells from fish fed the FO diet (39.3%) than in cells from fish
fed the SO diet (24.5%). The percentage of n-6 FA was approx-
imately seven times greater in cells from fish fed the SO diet
(31%) than in cells from fish fed the FO diet (4.5%). There was
an enrichment of 22:6 n-3 in hepatocytes isolated from both
SO-fed (17%) and FO-fed fish (27%) compared with the corre-
sponding percentages in the two diets (3 and 7%, respectively). 

There were no major differences in the percentages of total
saturated FA between cells in the two dietary groups. 

[3H]Glycerolipids in the total extracted lipid fractions from
culture media and from isolated VLDL particles. There was a
lower recovery of secreted radiolabeled glycerolipids in the
VLDL fraction than in the total culture media (Table 2). Lipid
class analysis showed that whereas TAG dominated at all time
points in the VLDL fractions, it constituted only 13% of the
glycerolipid fraction in the total culture media at the early time
points (1 and 2 h) and increased thereafter to 87% at the later
time points (Table 2). The discrepancy between the results ob-
tained by these two analytical methods can most probably be
explained by the fact that exogenously added radiolabeled
glycerol exhibits a natural time lag in its appearance in secreted
glycerolipids. In addition, the procedure used for VLDL isola-
tion (density gradient centrifugation) also may influence the re-
sults. In this method, the most TAG-rich VLDL particles will
be more buoyant than the VLDL particles that are less TAG-
rich. Only the TAG-rich VLDL particles will therefore be col-
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lected on the top of the gradient. Based on these results, the total
recovery of glycerolipids in the culture media, and not the recov-
ery of glycerolipids in isolated VLDL fraction, was used for the
further analysis of glycerolipid secretion from hepatocytes.

Effect of endogenous FA composition on the secretion of
total [3H]glycerolipids. The rate of secretion of total [3H]glyc-
erolipids (the sum of PL, MDG, and TAG) was 36% lower in
hepatocytes from fish fed the FO diet than in hepatocytes from
fish fed the SO diet (P = 0.003) (Fig. 1).

Effects of time and exogenously added FA on the secretion of
[3H]glycerolipids. Figure 2 shows the secretion of total [3H]glyc-
erolipids (the sum of PL, MDG, and TAG) after 1-, 2-, 6-, and
24-h incubations with either no FA (Ctr), 18:1n-9, 20:5n-3,
22:6n-3, or TTA. Hepatocytes from SO-fed fish secreted more
esterified lipids than cells from FO-fed fish at the early time-
points (1 and 2 h) irrespective of FA supplementation. Incuba-
tion of the hepatocytes with a relatively high concentration (0.75
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TABLE 1
FA Composition of the Total Lipid Fraction of the Diets and Hepatocytes Isolated from Either Soybean Oil
(SO)- or Fish Oil (FO)-Fed Fisha

SO diet FO diet SO cells FO cells

14:0 0.9 5.7 1.9 ± 0.22a 2.5 ± 0.01a

16:0 12.7 14.0 16.2 ± 1.18a 15.5 ± 0.22a

18:0 3.7 1.6 7.9 ± 0.31b 4.9 ± 0.02a

16:1n-7 1.3 7.5 1.1 ± 0.19a 3.8 ± 0.21b

18:1n-7 1.6 2.8 1.5 ± 0.18a 3.6 ± 0.13b

18:1n-9 20.3 10.3 15.9 ± 2.18a 13.9 ± 0.68a

20:1 (sum isomers) 1.1 12.8 3.2 ± 0.37a 5.0 ± 0.11b

22:1 (sum isomers) 1.0 15.9 0.4 ± 0.06a 0.9 ± 0.12b

18:2n-6 45.4 4.4 22.4 ± 0.99b 2.3 ± 0.18a

20:2n-6 ND ND 2.4 ± 0.71b 0.5 ± 0.00a

18:3n-3 5.3 0.8 ND ND
20:3n-6 ND ND 3.2 ± 0.54b 0.2 ± 0.20a

18:4n-3 0.5 3.2 0.2 ± 0.23a 0.5 ± 0.11b

20:4n-3 ND ND 2.9 ± 1.65b 0.8 ± 0.15a

20:4n-6 ND ND 2.9 ± 0.15b 1.4 ± 0.22a

20:5n-3 2.1 9.0 3.3 ± 0.32a 8.5 ± 0.40b

22:5n-3 0.2 0.6 1.5 ± 0.22a 3.0 ± 0.25b

22:6n-3 2.8 7.0 16.6 ± 1.11a 26.5 ± 0.33b

ΣOthers 1.1 4.4 0.2 ± 4.76a 6.2 ± 0.60b

ΣSaturated 17.3 21.3 26.0 ± 0.22b 22.9 ± 0.08b

ΣMonoene 25.3 49.3 22.1 ± 0.37b 27.2 ± 0.21b

Σn-3 10.9 21.3 24.5 ± 5.21b 39.3 ± 0.31b

Σn-6 45.4 5.3 31.0 ± 4.76b 4.5 ± 0.60b

aThe quantity of each FA is given as a percentage of the total FA. Data are means ± SEM (n = 3). ND, not detectable. Val-
ues with different roman superscripts are significantly different (P ≤ 0.05; n = 3).

TABLE 2 
Percentage Distributions of [3H]Glycerol in TAG, MDG, and PL of Isolated VLDL Particles and in Mediuma

Incubation VLDL fractions Recovery VLDL Total media

time (h) TAG MDG PL (%) TAG MDG PL

1 81.9 ± 4.68a 3.4 ± 1.54a 14.7 ± 3.19b 21.0 13.3 ± 6.05a 9.8 ± 3.78a 76.9 ± 10.32b

2 88.3 ± 0.71a,b 3.5 ± 0.83a 8.2 ± 0.16a,b 32.2 30.5 ± 5.75b 7.9 ± 1.59a 61.6 ± 5.10b

6 93.8 ± 1.86b 2.4 ± 0.09a 3.8 ± 1.93a 68.1 82.5 ± 3.33c 4.9 ± 0.53a 12.6 ± 2.79a

24 94.4 ± 0.1b 1.6 ± 0.68a 4.0 ± 0.68a 91.4 87.4 ± 1.13c 4.2 ± 0.09a 8.3 ± 1.05a

aData are shown as means ± SEM (n = 3). Values marked with different roman letters indicate significant differences (P ≤
0.05) between lipid classes. VLDL recovery was calculated as the amounts of [3H]glycerolipids recovered in the isolated
VLDL fraction as a percentage of the amounts of total [3H]glycerolipids recovered in the culture medium. Isolated VLDL
and total media were from hepatocyte cultures isolated from SO-fed fish. MDG, mono- + diacylglycerols; PL, phospho-
lipids; for other abbreviations see Table 1.

FIG. 1. Secretion rate of [3H]glycerolipids by hepatocytes from fish fed
soybean oil (SO) or fish oil (FO) [the sum of TAG, mono- and diacyl-
glyerols (MDG) and phospholipids (PL)]. The secretion rate is calculated
as nmol [3H]glycerolipids secreted per min per mg protein. Data are
means ± SEM (n = 3). The difference is significant at P = 0.003. Each
data point (n) is the average of 20 individual measurements.
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FIG. 2. Effect of exogenously added FA on the secretion of [3H]glycerolipids (the sum of TAG, MDG and PL) from fish fed SO or FO after incuba-
tions with an FA-free medium (Ctr) or media supplemented with 0.75 mM of either 18:1n-9, 20:5n-3, 22:6n-3, or tetradecylthioacetic acid (TTA)
for 1, 2, 6, or 24 h. Data are means ± SEM (n = 3). For other abbreviations see Figure 1.
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FIG. 3. Percentage distribution between the different [3H]glycerolipids (TAG, MDG, and PL) after incubations with an FA-free medium (Ctr) or
media supplemented with 0.75 mM of either 18:1n-9, 20:5n-3, 22:6n-3, or TTA for 1, 2, 6, or 24 h. Each data point shown is a mean value of the
two dietary groups ± SEM (n = 6). For abbreviations see Figures 1 and 2.



mM) of exogenously added FA for a longer period of time, how-
ever, reduced the effect of the feeding group that had been ob-
served at 1 and 2 h. Approximately 6–7 times more [3H]glyc-
erolipids were secreted at 24 h than at 1 h from hepatocytes in-
cubated with 22:6n-3 or 18:1n-9, irrespective of dietary group.
In comparison, there were only approximately 2–3 times more
[3H]glycerolipids secreted at 24 h than at 1 h from control cells
or cells incubated with 20:5n-3 or TTA. This shows that hepato-
cytes to which 18:1n-9 or 22:6n-3 had been added secreted
[3H]glycerolipids more than twice as rapidly as control cells or
cells to which 20:5n-3 or TTA had been added. 

Figure 3 shows the effect of exogenously added FA on the
secretion of different [3H]glycerolipid classes (TAG, MDG,
and PL). No significant differences in percent distribution of
glycerolipid classes were found between the two feeding
groups at any time point. The results are therefore presented as
mean values of the two feeding groups.

The majority of the [3H]glycerolipids secreted from all cell
incubations after 24 h were in the form of TAG, except from
hepatocytes incubated with 20:5n-3. The percentage of MDG
secreted from the cells incubated with 20:5n-3 increased dur-
ing the time period, giving a ratio of TAG to MDG of approxi-
mately 1 after 24 h of incubation. In comparison, this ratio was
23.5 in control cells after 24 h of incubation. The ratios of TAG
to MDG after 24 h were approximately 10, 3, and 2.5, for cells
incubated with 18:1n-9, 22:6n-3, and TTA, respectively. The
secretion patterns for the different lipid classes from cells incu-
bated with TTA were similar to those for cells incubated with
20:5n-3. 

TAG secretion from 20:5n-3-treated cells was approxi-
mately 70% lower after 24 h of incubation than it was for con-
trol cells (Fig. 4). The FA 22:6n-3, in contrast to 20:5n-3, had

no major effect on the amount of TAG secreted. The only ex-
ogenously added FA that stimulated TAG secretion compared
with control cells during the experiment was 18:1n-9. The
amount of TAG secreted from cells incubated with TTA for 24
h was approximately 40% lower than that of control cells.

Morphometric quantification of lipid and mitochondrial
area. The mitochondrial area of the hepatocytes was not af-
fected by the composition of FA in the feed. There was a
slightly higher intracellular lipid area in cells from the FO-fed
fish than in cells from the SO-fed fish. Owing to a relatively
high SD between the analyzed samples, the differences were,
however, not significant. This allows us to present the morpho-
metric results as mean values from all observed cells, irrespec-
tive of feeding group. The FA added to the cells in culture, on
the other hand, affected the lipid area and the mitochondrial
area more profoundly.

Figure 5 shows the percent area of lipid droplets and mito-
chondria after incubation with either no FA (Ctr), 18:1n-9,
20:5n-3, 22:6n-3, or TTA for 24 h, and Figure 6 shows repre-
sentative micrographs of hepatocytes after each incubation.
Lipid accumulations were observed as light and/or black
droplets in the cytoplasm of hepatocytes. Cells incubated with
20:5n-3 had the largest lipid area (12.0%) (Figs. 5, 6C),
whereas cells incubated with 18:1n-9 or 22:6n-3 had a signifi-
cantly smaller lipid area: 4.8 and 6.7%, respectively (Figs. 5,
6B, 6D). Cells incubated with TTA had the lowest lipid area,
2%, a level similar to that of control cells (Figs. 5, 6A, 6E). The
lipid area and the mitochondrial area were highly correlated (P
= 0.002). The mitochondrial area was highest in cells incubated
with 20:5n-3 (13.5%) and was significantly higher than in cells
incubated with TTA (10.7%) and in control cells (9.7%), which
had the lowest mitochondrial area. 
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FIG. 4. Relative TAG secretion after incubations with an FA-free
medium (Ctr) or media supplemented with 0.75 mM of either 18:1n-9,
20:5n-3, 22:6n-3, or TTA for 24 h. The control TAG levels are set to
100% in each incubation for both dietary groups, and the mean values
of the two dietary groups are presented. The mean values of the TAG
levels of the different FA incubations are presented relative to the con-
trol TAG levels. Data are means ± SEM (n = 6). Different letters indicate
significant (P < 0.05) differences. For abbreviations see Figures 1 and 2.

FIG. 5. Morphometrical estimates of lipid area and mitochondrial area
of hepatocytes incubated for 24 h in an FA-free medium (Ctr) or media
supplemented with 0.75 mM of either 18:1n-9, 20:5n-3, 22:6n-3, or
TTA. Data are the relative areas of lipid droplets or mitochondria of total
cell area (exclusive of the nuclei) and are shown as the mean values of
the two dietary groups ± SEM (n = 6). Different letters indicate signifi-
cant (P < 0.05) differences between the different FA-incubations. For
abbreviation see Figure 2.



DISCUSSION

The endogenous FA composition of hepatocytes was influ-
enced by the identity of the oil used as lipid source in the diet.
This agrees with several studies using different types of veg-
etable oil in salmonid diets. Generally, the replacement of FO
by SO results in higher levels of n-6 FA and lower levels of n-3
FA in the tissues of Atlantic salmon and rainbow trout
(29,32–35). The marked differences in FA composition due to
the diets had a pronounced effect on the secretion of glyc-
erolipids. Lipid secretion from hepatocytes from fish fed the
FO diet was 36% lower than the secretion from hepatocytes
from fish fed the SO diet. A number of in vivo studies in mam-
mals during the past few decades have shown that FO diets in-
hibit lipid secretion by hepatocytes (2,16,36). Our results from
fish hepatocytes agree with the findings from mammals and
show that an endogenous FA composition with a high n-6/n-3
ratio promotes lipid secretion to a level that is higher than that
with a lower n-6/n-3 ratio. Other components in diets however,

may also influence the TAG-rich lipoprotein secretion from he-
patocytes. SO may contain significant quantities of lecithin
(37), whereas FO may contain relatively high levels of choles-
terol (38), both of which are known to modify lipoprotein me-
tabolism in mammals (39–41). We do not know whether di-
etary lecithin and cholesterol affect these processes in fish, but
this topic will be important for further studies. 

The mechanisms by which FO in the diet reduces TAG se-
cretion in fish are not known, nor have they been completely
elucidated in mammals. However, several mechanisms and
regulatory sites may be involved. The present study demon-
strates that 20:5n-3, and not 22:6n-3, inhibits TAG secretion in
salmon hepatocytes, in accordance with the results of many
studies in rat hepatocytes (13–15,17,19,42,43). Studies in
mammals have shown that dietary FO interferes with the as-
sembly of the initial VLDL precursor particles in hepatocytes
and inhibits VLDL secretion in this way (9,10,16,44,45).
Whether VLDL secretion in fish is regulated in the same man-
ner is not known.

Several studies in mammals have shown that 20:5n-3 re-
duces the availability of intracellular TAG for incorporation
into VLDL by inhibiting the activity of DGAT (13,14), that is,
the enzyme catalyzing the conversion of 1,2DAG into TAG
(13–15,19). In contrast, 22:6n-3 does not affect DGAT activity
in rat hepatocytes (14). Although we did not measure the activ-
ity of DGAT, the reduced lipid secretion from hepatocytes in-
cubated with 20:5 n-3 has led us to suggest that DGAT also
may be a regulated step in fish. The inhibition of TAG synthe-
sis should occur before or at the DGAT step, since the ratio of
TAG to MDG secreted from these cells is lower than that se-
creted from control cells. The seemingly contradictory results
of a reduced DGAT activity and the observed increase in intra-
cellular lipid level in 20:5n-3 treated cells may be explained by
an inhibiting effect of 20:5n-3 on the VLDL assembly step,
leading to a net increase in cytosolic lipid droplets. Many fac-
tors seem to affect the different steps of the lipid secretion
process and its regulation, and we cannot on the basis of our
results draw conclusions about which regulatory mechanisms
are most important for the lowering effect of 20:5n-3 on TAG
secretion. However, lipid class composition of cellular lipids
may give valuable additional information about the DGAT ac-
tivity and TAG synthesis.

Furthermore, several studies in mammals have shown that
20:5n-3 reduces TAG secretion by stimulating mitochondrial
β-oxidation, thus reducing the availability of FA for TAG syn-
thesis (15,18,42), whereas 22:6n-3 is a poor substrate for mito-
chondrial β-oxidation in rats (14,15). Frøyland et al. (18)
showed that the plasma TAG level decreased in rats fed 20:5n-
3, but not in rats fed 22:6n-3. The decrease was caused by an
increase in the number of mitochondria and an increase in the
level of mitochondrial β-oxidation. We have not measured the
activities of enzymes involved in β-oxidation. However, we
have shown that incubation with 20:5n-3 leads to an increased
mitochondrial area and that it reduces the secretion of glyc-
erolipids. These results suggest that 20:5n-3 also stimulates the
capacity of mitochondria to β-oxidize FA in salmon.
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FIG. 6. Electron micrographs of hepatocytes incubated for 24 h in (A) an
FA-free medium, or a medium supplemented with 0.75 mM of either (B)
18:1n-9, (C) 20:5n-3, (D) 22:6n-3, or (E) TTA. The micrographs shown
are representative cells for each of the five treatments. Lipid accumula-
tions (arrows) were observed as light and/or black droplets in the cyto-
plasm. The highest accumulation of lipid droplets was observed in hepa-
tocytes incubated with 20:5n-3, whereas hepatocytes incubated with
18:1n-9 or 22:6n-3 showed a significantly lower lipid droplet area. No or
only a few lipid droplets were observed in hepatocytes incubated with
TTA or an FA-free medium. Bars = 5 µm. For abbreviation see Figure 2.



The microscopy study revealed only normal-sized mito-
chondria in all hepatocyte samples, without any observations
of megamitochondria. Other investigators have found more
dramatic effects on mitochondrial number and size after feed-
ing trials in rats. It has been shown that EPA may initiate a sig-
nal for megamitochondria formation and subsequent prolifera-
tion (30,46). We suggest that a 24-h incubation is too short a
time to achieve megamitochondria formation and high mito-
chondrial proliferative activity in our cell culture experiment.
The observed increase in mitochondrial area in EPA-treated
cells can therefore be a result of a moderate increase in the
number of mitochondria.

The relative area of lipid droplets was highly correlated (P
= 0.002) with the relative area of mitochondria, and both were
significantly higher in cells incubated with 20:5n-3 than they
were in control cells. It may be that the amount of accumulated
lipid per se induces mitochondrial proliferation directly by an
unknown mechanism, and that the potency of 20:5n-3 as a mi-
tochondrial proliferator in salmon hepatocytes is related to the
increased intracellular lipid level estimated in the cells through
lipid droplet areas. 

Although 22:6n-3 had no effect on TAG secretion, this FA re-
sulted in the highest secretion of total glycerolipids. This was
mainly due to a higher incorporation of 22:6n-3 into secreted PL.
Previous results from salmon hepatocytes showed that 22:6n-3
was preferentially incorporated and conserved in PL (47,48). 

Cells incubated with TTA secreted less TAG than control
cells, in accordance with studies in mammals showing that
TTA inhibits TAG secretion (14,21). This FA analog directs FA
away from esterification and toward FA oxidation in rats
(14,17,21) through regulations resulting in increased activities
of enzymes involved in mitochondrial and peroxisomal β-oxi-
dation (18,30), and by inhibiting DGAT (14). 

We have shown that 18:1n-9 stimulates TAG secretion, which
is in accordance with results from rat hepatocytes (13,19,43).
However, the observed stimulating effect of SO and 18:1n-9 on
lipid secretion, and the reported negative effects of some veg-
etable oils on fish heart histology (49,50), should be considered.
These effects may give rise to problems that are similar to prob-
lems related to coronary heart diseases in humans. Such prob-
lems have been linked to a diet low in n-3 FA (1–4).

In conclusion, we have shown that lipids are secreted from
cultivated salmon hepatocytes at a rate that is significantly
lower in fish fed a diet containing FO as the only lipid source
than in fish given a diet that has been supplemented with SO.
Further, we have shown that 20:5n-3, and not 22:6n-3, some-
how mediates this effect, whereas 18:1n-9 stimulates TAG se-
cretion to levels that are higher than those in control cells. Our
results indicate that in dietary FO, 20:5n-3 is the FA that re-
duces TAG secretion in fish and may be responsible for the hy-
potriglyceridemic effect of FO observed in fish and humans.
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ABSTRACT: The effect of the water-soluble fraction (WSF) of
crude oil on lipid contents, lipid classes, FA, and PC molecular
species was studied in high-phospholipid (hepatopancreas) and
low-phospholipid (egg) tissues of a freshwater crustacean. After a
21-d exposure to a sublethal concentration of WSF, a significant
decrease in shrimp total lipids was observed, although no alter-
ations could be detected in the hepatopancreas or egg lipid con-
tents. TAG/phospholipid ratios increased in the hepatopancreas
and decreased in the eggs, suggesting alterations either in the mo-
bilization of TAG to phospholipid pools or in the energy balance.
The FA composition of phosphoglycerides in the hepatopancreas
and eggs was dominated by PUFA, whereas the n-3/n-6 ratio was
not affected by WSF exposure, although there was a significant
increase in hepatopancreas 18:1n-9. Analysis of the PC molecu-
lar species by HPLC-ELSD showed the presence of 15 species,
with 16:0/18:1, 18:1/18:2, 16:0/20:5, and 16:1/20:5 being the
major species in the hepatopancreas. The PC molecular species
in the eggs showed a different pattern, dominated by 16:0/18:1
and 18:1/18:2. Of the PC molecular species, 10 contained
22:6n-3, 20:5n-3, and 20:4n-6. Small amounts of di-PUFA
species were also found. Exposure to WSF altered the PC molec-
ular species in both tissues. The four major hepatopancreas mo-
lecular species and most of the ones containing PUFA decreased.
This was compensated for by an increase in 16:1/18:1 (152%)
and 18:1/18:1 (50%). The two major egg PC molecular species
decreased, whereas the PUFA-containing ones increased. The
contrasting responses of both tissues to WSF contamination sug-
gests the presence of different homeostatic mechanisms.

Paper no. L9587 in Lipids 40, 487–494 (May 2005).

The freshwater shrimp Macrobrachium borellii is a decapod
crustacean widespread in South America that lives in turbid,
tepid waters such as the ones in the Río de La Plata estuary
(1,2). In several past studies the lipid composition and metabo-
lism of M. borellii were investigated. Phospholipids (PL) and
TAG were identified as the main lipid classes in adult tissues
and eggs, respectively (3–5). Monounsaturated FA were the
major group in egg TAG, whereas PUFA were the major group
in PL after embryo organogenesis and in the total lipids of adult

tissues (4,5). PL classes and their FA composition play a key
role in the structure and function of most cellular membranes,
including M. borellii membranes, whose main PL class is PC
(6,7). Knowledge of the molecular species of PL is important
for understanding the membrane properties and functions (8).
However, unlike vertebrates, few reports are available on the
molecular species of PL in invertebrates (9–13), and none are
available on the effect of the water-soluble fraction (WSF) of
petroleum hydrocarbons (HC) on them.

When lipophilic contaminants such as petroleum HC are
taken up by organisms, they partition at some equilibrium level
between water and the lipids of the organism and become bio-
concentrated in lipid compartments such as membranes,
lipoproteins, and lipid storage tissues (14). Benthic organisms
are known to accumulate HC directly from the water column
or from the interstitial water in the sediment (15). Thus, M.
borellii was chosen because it is a species with ecological rele-
vance in the Río de La Plata estuary in which we had previ-
ously studied the bioaccumulation and biodepuration rates of
WSF; we had observed that lipid compartments retain polyaro-
matic HC for long periods of time (16). Oil spills occur period-
ically in the Río de La Plata estuary, which has become the
most contaminated region in the country in terms of HC (17).
In the present study, we investigated the use of molecular
species of PL as a potential biochemical marker for HC pollu-
tion. The effect of WSF on the lipid content and lipid class
composition of M. borellii was examined. Changes in the pat-
tern of PC molecular species after exposure to a sublethal con-
centration of HC are described.

EXPERIMENTAL PROCEDURES

Sample collection. Adult M. borellii were sampled during the
spring and summer (October to February) in a watercourse free
of petrogenic contamination close to the Rio de La Plata River
in Argentina (20 km southwest of La Plata city), with tempera-
tures ranging from 21 to 28°C. Ovigerous females with eggs
were collected for the experiments in early summer, and adults
were collected in the spring for another set of experiments.
They were taken to the laboratory and kept in dechlorinated tap
water at 24 ± 2°C and a 14-h light/10-h dark photoperiod for at
least a week before the experiments (18). The eggs were re-
moved from the pleopods of the ovigerous females and
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checked under a stereoscopic microscope to determine the
stage of development (19). 

Preparation of the WSF of crude oil. Light crude oil ob-
tained from Punta Loyola (Santa Cruz, Argentina), stored at
4°C, was used to prepare the WSF. The oil was stirred in a 10-L
stainless-steel mixing vessel equipped with a mechanical stir-
rer and a bottom drain, and was kept in a cold room at 4°C.
Crude oil and fresh water in a ratio of 1:100 (vol/vol) were
stirred at a low speed for 24 h and allowed to settle for an addi-
tional 48 h (shorter settling times produced a fraction with dis-
persed oil droplets). The WSF was collected daily using the
bottom drain. During the experiments, fresh batches of WSF
were prepared every 2 d, and a sample was extracted and ana-
lyzed by GLC following the method described by Lavarías et
al. (16).

Exposure to WSF. Groups of 10 adults or 4 ovigerous fe-
males carrying eggs at developmental stage 3 (19) were placed
into 750-mL glass flasks with air-tight screw-capped lids to
avoid the loss of HC. The number of individuals per flask was
selected to ensure the appropriate concentration of dissolved
oxygen, which was checked daily. To evaluate the effect of
WSF exposure on lipids in either the whole organism, he-
patopancreas, or eggs, three groups were used as a control and
another three were exposed to a sublethal concentration of
WSF (0.6 ppm, chosen from the results of a previous study)
(16). Shrimp were exposed for 21 d without being fed, and the
WSF was replaced daily. After exposure, the eggs were re-
moved from the female pleopods, the hepatopancreas was dis-
sected from the adults, and the total weight of the samples was
recorded. All animals per group were pooled at the end of the
experiment. Individuals were dried on an absorbant tissue,
weighed on a semi-analytical balance with 0.01-mg accuracy,
and dissected; the size of the animals was homogeneous.
Weight differences among the samples were minor, and mor-
tality was always less than 10% of animals in the control and
exposed groups.

Lipid extraction and analysis. Tissues were immediately ho-
mogenized in a Potter-type homogenizer (Thomas Scientific,
Swedesboro, NJ) using 0.02 M Tris-HCl buffer, pH 7.5, and a
subsample was taken for protein analysis for another experi-
ment. For the analysis of whole organisms, homogenization
was performed using an UltraTurrax tissue disrupter (Janke and
Kunkel, Ika Werk, Germany). Lipids were extracted with a
chloroform/methanol mixture following the method of Bligh
and Dyer (20). Each group was analyzed separately.

The total lipid concentration was determined gravimetri-
cally in an aliquot of chloroform, and the rest was kept in
hexane under a nitrogen atmosphere at −70°C until further
analysis. 

A lipid class analysis was performed by TLC on silica gel
Chromarods (type S-III) with quantification by FID using an
Iatroscan TH-10, Mark III (Iatron Laboratories Inc., Tokyo,
Japan), as described by Parrish and Ackman (21). The separa-
tion was conducted with a sequence of three different solvent
systems according to Ackman et al. (22). The first development
was carried out for 45 min in hexane/ethyl acetate/diethyl

ether/formic acid (91:6:3:1, by vol). The Chromarods were
dried, partially scanned to analyze the neutral lipids, and then
developed in acetone for 15 min to quantify the carotenoid
peak. Finally, the Chromarods were developed in chloro-
form/methanol/formic acid/water (50:30:4:2, by vol) for 60
min and completely scanned to reveal the different PL. Tetra-
cosanol was used as an internal standard, and quantification
was performed using the calibration curves of authentic stan-
dards run under the same conditions. Carotenoids from the
shrimp were purified for use as standards to avoid error caused
by differing responses of the FID to different carotenoids. The
lipids were identified as described previously (5).

FA analysis. Preparative high-performance TLC (HP-TLC)
(Merck, Darmstadt, Germany) was used to isolate the neutral
lipids from the polar lipids, as described previously (5). FAME
from PL were prepared using a base-catalyzed transesterifica-
tion microscale procedure according to Christie (23). Amide-
bound FA, like those in sphingomyelin, are not affected by al-
kaline transesterification; therefore, the PL FA analyzed came
mainly from the PC and PE in this species. FAME were ana-
lyzed by GLC on an Omegawax 250 (30 m × 0.25 mm, 0.25
µm film; Supelco, Bellefonte, PA) capillary column in a
Hewlett-Packard HP-6890 equipped with a FID. The column
temperature was programmed for a linear increase of 3°C/min
from 175 to 230°C. FA were identified by their characteristic
retention times and by co-injecting the sample with authentic
standards (Supelco, St. Louis, MO) or a FAME mixture of es-
tablished composition run under the same conditions.

PC molecular species. PL fractions were isolated from lipid
extracts by HPLC using a Merck-Hitachi L-6200 Intelligent
pump (Hitachi Ltd., Tokyo, Japan). An Evaporative Light-Scat-
tering Detector 500 (Alltech Associates Inc., Deerfield, IL) op-
erating at a nitrogen flow rate of 2.2 mL/min and a drift tube
temperature of 90°C was used for detection. To purify the PC,
an Econosil Silica column (250 × 4.6 mm × 10 µm; Alltech As-
sociates Inc.) and a guard column packed with the same mater-
ial were used. Elution was performed as described elsewhere
(24). PC was collected manually, the eluate was evaporated to
dryness under a stream of nitrogen, and the PC was redissolved
in chloroform/methanol (1:1, vol/vol).

Resolution of the PC molecular species was performed on
two end-capped Lichrosphere 100 RP18 columns in series (250
× 4 mm; Merck, Darmstadt, Germany). Isocratic elution was
applied with a mobile phase composed of acetonitrile/
methanol/triethylamine (40:58:2, by vol) (25). Detection and
quantification were done by ELSD using nitrogen as the nebu-
lizer gas at a flow of 1.8 L/min and a temperature of 100ºC (24).

The column eluate was collected every 30 s using an LKB
2212 Helirac fraction collector (Bromma, Sweden). The indi-
vidual PC molecular species were identified by determining the
FA composition of each peak by GLC as described, and its rel-
ative abundance was calculated from the areas of the peaks. 

Statistical analyses. Data collected from all experiments were
analyzed by ANOVA using Instat, v. 2.0 (GraphPad, San Diego,
CA). Data were transformed prior to performing the statistical
procedures. Results were considered significant at a level of 5%.
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RESULTS

Changes in lipid content and composition by WSF exposure.
After a 21-d exposure to WSF, the total lipid concentrations of
exposed animals decreased significantly compared with con-
trol organisms; however, the total lipid concentrations of the
hepatopancreas and eggs did not vary significantly (Table 1).

To determine the effect of WSF on the lipids, each lipid
class was studied separately in the adult hepatopancreas and
eggs of control and exposed organisms. We also checked the
muscle, but no changes were observed; therefore, it was not in-
cluded in the present study. PL were the major lipids in the he-
patopancreas, accounting for 74.4%, by weight of the total
lipids, whereas egg lipids were dominated by TAG, represent-
ing 69.5% of the total lipids. This markedly different lipid com-
position provided us with two contrasting models within the
same species to study the effect of HC contamination. After a
21-day exposure to WSF, both the hepatopancreas and eggs
showed significant changes in their lipid class composition.
The hepatopancreas showed a significant decrease in PL as
well as a decrease in the carotenoid pigment (Table 2). PC in
particular, representing the major lipid class in this tissue,
showed a significant reduction from 62 to 53% by wet weight
(P < 0.05) in WSF-exposed animals. However, the average
sphingomyelin concentration in the WSF-exposed hepatopan-
creas was almost two times higher than the hepatopancreas
control (Table 2). The eggs, in contrast, showed a significant
decrease (more than 11%) in TAG reserves in WSF-exposed
embryos compared with the percentage in controls. In addition,
there was an overall increase in PL, whereas the carotenoid pig-

ment did not change significantly in WSF-exposed eggs (Table
2). The PL/TAG ratio decreased in the hepatopancreas of WSF-
exposed animals because of the decrease in PL, whereas in the
eggs the ratio increased from 0.4 to 0.6, reflecting both the de-
crease in TAG and the increase in PL (Table 2).

FA. Table 3 shows the FA profiles of phosphoglycerides
from the hepatopancreas and eggs of control and WSF-exposed
organisms. Regardless of treatment, EPA (20:5n-3) was the
major FA in the hepatopancreas, followed by arachidonic
(20:4n-6) and oleic acids (18:1n-9). The exposure of shrimp to
WSF did not significantly change the FA profile of the PL, ex-
cept for an increase in 18:1, which made it the second most im-
portant FA in the PL. The FA profile of the eggs was also dom-
inated by 20:5n-3, followed by similar amounts of 18:1n-9,
16:0, and 18:0. After exposure to WSF, there were no statisti-
cally significant differences in the relative FA composition be-
tween the WSF and control groups. PUFA was the major group
in the PL, regardless of the tissue or treatment analyzed.

PC molecular species. After studying the effect of WSF on
total lipids, the lipid composition, and PL FA, we identified PC
as the only PL whose concentration was significantly altered
by the contaminant in both the hepatopancreas and eggs (Table
2). We therefore studied PC in detail, analyzing its molecular
species. The eggs and hepatopancreas were chosen, as in pre-
liminary experiments these tissues were found to be the ones
most sensitive to HC pollution.

Using HPLC-ELSD, we were able to resolve 15 molecular
species of PC in both the hepatopancreas and eggs of M. borel-
lii (Fig. 1). The major molecular species of the hepatopancreas
were 16:0/18:1, 18:1/18:2, 16:0/20:5, and 16:1/20:5, which
represented more than 60% of the total (Fig. 2). Remarkably,
10 of the 15 PC species resolved contained 20-carbon PUFA,
particularly 20:5n-3 and 20:4n-6, and some minor species were
di-PUFA. On the other hand, PC molecular species in the eggs
showed a different pattern, dominated by 16:0/18:1 and
18:1/18:2 (Fig. 3). These two species accounted for more than
55% of the total. When we exposed adult shrimp to WSF for 3
wk, the PC molecular species showed changes in both tissues.
Except for 18:1/18:2, the major molecular species of the he-
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TABLE 1
Total Lipid Concentration of Whole Organisms, Hepatopancreas,
and Eggs of Macrobrachium borellii from Control and Water-Soluble
Fraction (WSF)-Exposed Organismsa

Control WSF-exposed

Whole 11.2 ± 0.5 9.5 ± 0.2*
Hepatopancreas 11.3 ± 1.8 13.5 ± 4.2
Eggs 83.0 ± 5.1 90.3 ± 10.4
aValues are the means of triplicate analyses ± 1 SD and are expressed as
mg/g wet weight. *P < 0.05.

TABLE 2
Lipid Class Compositiona of the Hepatopancreas and Eggs of M. borellii from Control and WSF-Exposed
Organisms

Class Hp-control Hp-WSF Egg-control Egg-WSF

ES 0.67 ± 0.38 0.33 ± 0.16 Trace Trace
TAG 4.29 ± 1.69 7.20 ± 4.80 69.45 ± 1.99 61.76 ± 2.8*
FFA Trace Trace 0.50 ± 0.12 0.42 ± 0.26
ST 14.43 ± 2.01 11.95 ± 2.35 1.74 ± 0.22 1.35 ± 0.25
ASX 6.16 ± 0.69 4.54 ± 0.68* 1.54 ± 0.36 1.62 ± 0.08
PE 9.86 ± 1.76 10.13 ± 1.62 3.25 ± 0.22 4.61 ± 0.26**
PC 62.10 ± 2.15 53.29 ± 4.04* 23.84 ± 2.35 30.66 ± 3.19*
SM 2.84 ± 0.27 5.57 ± 1.08* Trace Trace
Σ PL 74.80 ± 1.32 68.99 ± 4.91 27.09 ± 2.42 35.27 ± 2.44
PL/TAG 17.43 ± 4.38 9.58 ± 4.07* 0.39 ± 0.04 0.57 ± 0.08**
aValues (mg lipid/100 mg tissue wet wt) are the means of triplicate analyses ± 1 SD. *Significant changes between control
and exposed tissue (P < 0.05); **very significant (P < 0.01). Hp, hepatopancreas; ES, esterified sterols; ST, free sterols; ASX,
carotenoids; SM, sphingomyelin; PL, phospholipids; for other abbreviation see Table 1.



patopancreas decreased significantly, together with most
PUFA-containing molecular species. This was paralleled by an
increase in molecular species containing monounsaturated FA

(mean increase 152% in 16:1/18:1 and 50% in 18:1/18:1) and
increases in the minor species 18:0/18:2 and 18:0/20:4.

The two major egg PC molecular species showed a signifi-
cant decrease after a 3-wk exposure to WSF, totaling 55% in
the control and 45% in the exposed organisms. Unlike in the
hepatopancreas, the proportions of several PUFA-containing
molecular species in the exposed eggs (16:0/20:5, 16:0/22:6,
18:1/22:6, and 16:0/20:4) increased significantly.
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TABLE 3
Major FA of the Phosphoglyceride Control and WSF-Exposed Hepatopancreas and Eggs of M. borellii a

Hepatopancreas Eggs 

FA Control WSF Control WSF

14:0 0.68 ± 0.10 0.74 ± 0.02 1.23 ± 0.29 1.55 ± 0.15
16:0 8.56 ± 0.86 7.91 ± 0.51 14.90 ± 1.64 15.61 ± 1.17
18:0 8.92 ± 0.54 9.15 ± 1.91 13.02 ± 2.42 12.88 ± 0.17
16:1n-7 5.22 ± 0.76 5.35 ± 0.39 4.85 ± 0.38 5.57 ± 1.02
18:1n-9 14.12 ± 2.16 18.46 ± 0.51* 13.89 ± 2.35 12.73 ± 1.55
18:1n-7 10.06 ± 1.99 7.35 ± 2.15 5.69 ± 1.40 6.69 ± 2.21
18:2n-6 6.18 ± 0.95 5.32 ± 0.68 6.80 ± 1.73 5.82 ± 1.02
18:3n-6 0.05 ± 0.04 0.02 ± 0.01 0.25 ± 0.36 0.02 ± 0.03
18:3n-3 1.48 ± 0.13 1.10 ± 0.04 3.59 ± 1.41 2.78 ± 0.51
20:3n-6 Trace Trace 0.12 ± 0.15 0.11 ± 0.01
20:4n-6 15.25 ± 0.60 14.46 ± 1.01 8.68 ± 0.91 9.13 ± 1.45
20:5n-3 20.20 ± 1.47 21.25 ± 0.81 17.80 ± 3.23 16.02 ± 1.34
22:2n-6 Trace Trace 0.40 ± 0.06 0.02 ± 0.03
22:6n-3 6.11 ± 1.27 6.27 ± 1.48 4.23 ± 1.12 6.87 ± 1.30
Σ Saturates 18.15 ± 0.84 17.84 ± 1.87 29.47 ± 4.41 28.34 ± 2.52
Σ Monounsaturates 29.42 ± 1.38 31.45 ± 3.13 23.58 ± 2.21 24.90 ± 0.68
Σ Polyunsaturates 51.59 ± 1.07 50.71 ± 1.17 46.95 ± 1.80 46.76 ± 2.30
aValues are the mean of triplicate analyses as % (w/w) ± SD; *P < 0.05. For abbreviation see Table 1.

FIG. 1. Typical chromatogram of the PC molecular species profile of the
hepatopancreas of Macrobrachium borellii. Molecular species were ana-
lyzed by HPLC-ELSD identified by GLC as described in the Experimental
Procedures section. 1, 20:5/20:4; 2, 20:5/22:6; 3, 18:3/20:5; 4, 16:1/20:5;
5, 16:0/20:5; 6, 16:0/22:6; 7, 18:1/22:6; 8, 16:0/20:4; 9, 16:1/20:4; 10,
16:1/18:1; 11, 18:1/18:2; 12, 18:0/18:2; 13, 18:0/20:4; 14, 18:1/18:1; 15,
16:0/18:1.

FIG. 2. Effect of the water-soluble fraction (WSF) on PC molecular
species from the hepatopancreas of control and WSF-exposed M. borel-
lii (by wt%). (n) Control; (n) WSF-exposed. Molecular species were an-
alyzed by HPLC-ELSD as described in the Experimental Procedures sec-
tion. Results represent the average of three determinations ± 1 SD of the
mean. *P < 0.05; **P < 0.001.



DISCUSSION

Total lipid content as a pollution indicator. In this work, we an-
alyzed the effect of a sublethal exposure to WSF on lipid con-
tents, lipid classes, and the PL FA composition of adult M.
borellii tissues and eggs and characterized the PC molecular
species as well as the variations triggered by this contaminant. 

When we analyzed the total lipid contents, we observed a
significant decrease in the exposed adults, probably because
the shrimp catabolized more of their lipid reserves to obtain en-
ergy for the detoxification processes triggered by the contami-
nant. Wang and Stickle (26), studying the crab Callinectes
sapidus, also observed a decrease in the total lipid concentra-
tion after a 15-d exposure to crude oil. Nevertheless, when we
determined total lipids in the hepatopancreas and eggs of M.
borellii—tissues metabolically active in biosynthesis, degrada-
tion, and depuration—we found no differences between ex-
posed and control organisms. Nowadays, it has become clear
that the traditional use of total lipid content or lipid-normalized
pollutant data as a pollution indicator is not always a safe ap-
proach because of variations in lipid extraction and analysis,
differences in contaminant partitioning among lipid pools, and
seasonal/physiological changes in the lipid concentration and
composition (27). In addition, the homeostatic mechanisms of
the organisms may not be overcome, thus avoiding the appear-
ance of significant changes in lipid concentration. It is there-
fore important to consider the variations in lipid classes or, like
the novel approach explored in the present study, changes in
the PL molecular species induced by exposure to WSF.

Variations in lipid and FA classes in response to WSF. We

observed a significant decrease in PC concentration in the he-
patopancreas of exposed shrimp, whereas the sphingomyelin
increased significantly and the TAG showed an increasing
trend. Similar changes in PC and TAG were also found in crabs
(28) and mussels (29) in response to other pollutants. Those au-
thors suggested this might result from membrane damage, a
fact that could also be the case with M. borellii, whose mem-
branes contain PC as the major component (30); PC changes
could be affecting the structure and properties of M. borellii
membranes (4). Moreover, there are indications that xeno-
biotics increase membrane lipid peroxidation (31), and because
the hepatopancreas is in charge of xenobiotic detoxification in
adult crustaceans (32), it was not surprising to observe that the
concentration of astaxanthin, a very potent antioxidant, de-
creased in WSF-exposed organisms, suggesting its consump-
tion to prevent oxidative damage.

The significant decrease in the PL/TAG ratio of the he-
patopancreas of exposed organisms would also be reflective of
a mechanism to raise TAG levels, either by increasing TAG
synthesis or by decreasing TAG mobilization into PL pools,
thereby raising the number of hydrophobic reservoirs for WSF
and diminishing the contaminant bioavailability by dilution.
This mechanism also has been observed in other aquatic organ-
isms (29). Previous studies in M. borellii have shown that the
bioconcentration of aromatic HC from the environment and
their subsequent depuration rate is related to the lipid contents
(16). Capuzzo and Lancaster (33) demonstrated the impairment
of lipid utilization in lobsters exposed to oil and suggested that
the disruption in energetics was caused by alterations in their
lipid metabolism. 

Macrobrachium borellii egg lipids are composed primarily of
TAG, which serve as the main source of energy during develop-
ment (5). In this model we observed a significant decrease of this
reserve in embryos exposed to WSF. This contrasting effect,
compared with the hepatopancreas, is probably related to the fact
that, being a closed system, egg embryos are faced with a differ-
ent pressure: They have no source of energy other than the vitel-
lus and must expend more energy coping with the increase in
free radicals and detoxification mechanisms induced by WSF, as
shown by the highly significant increase in the PL/TAG ratio.
Although the concentration of the antioxidant astaxanthin did
not change, the enzymatic defense systems are well developed
in these shrimp embryos (see ensuing discussion). We have pre-
viously shown that developing embryos have a high metabolic
rate and an important consumption of lipids from the vitellus at
later stages (5); thus, an alteration of the major energy source at-
tributable to the presence of WSF was expected.

The FA profile of PL from the hepatopancreas of M. borellii
did not differ much from the one previously reported for egg
PL (5), the major FA being 20:5n-3, followed by 20:4n-6, the
18:1 isomers, 16:0, and 18:0. The n-3/n-6 ratio was below one,
as is usual in freshwater environments. In both the hepatopan-
creas and eggs, this FA composition was not greatly affected
by the WSF. Nevertheless, the significant increase in 18:1 in
the hepatopancreas after WSF exposure is noteworthy, as it be-
came the second most important FA in the tissue, and this in-
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FIG. 3. Effect of WSF on PC molecular species from the eggs of control
and WSF-exposed shrimp (by wt%). (n) Control; (n) WSF-exposed. Mo-
lecular species were analyzed by HPLC-ELSD as described in the Ex-
perimental Procedures section. Results represent the average of three
determinations ± 1 SD of the mean. *P < 0.05; **P < 0.001. For abbre-
viation see Figure 2.



crease was coincident with the increase in PC molecular
species containing this FA (see ensuing discussion). Embryos
are enclosed in the eggshell, and as closed systems, they can-
not afford to lose the PUFA they need for the active membrane
synthesis that takes place during organogenesis. The embryos
of the crustacean Gammarus locusta are known to have a more
developed antioxidant defense system than that of adults (34).
A study in progress shows that M. borellii embryos have back-
ground levels of antioxidant defense enzymes such as catalase
and glutathion transferase over twice as high as levels in the
adult hepatopancreas. This probably allows the embryos to re-
duce oxidative damage, thus accounting for the unchanged
PUFA concentration in embryos caused by the stressor. In con-
trast to results for the hepatopancreas, the astaxanthin concen-
tration did not change by WSF exposure, suggesting that this
antioxidant pigment is conserved by the embryo, as was shown
in a previous study (5).

Variations in PC molecular species in response to WSF. After
studying the effect of WSF on total lipids, lipid classes, and the
phosphoglyceride FA composition, we identified PC as the only
lipid in both the hepatopancreas and eggs whose concentration
was varied significantly by the contaminant. We therefore fo-
cused on this lipid class and analyzed its molecular species to in-
vestigate whether there was a remodeling of the PC molecular
species in response to WSF. In the hepatopancreas and eggs, we
were able to identify 15 PC molecular species, dominated by
16:0/18:1 (24 and 31% of the total, respectively). Currently, very
few reports are available on the PC molecular species of aquatic
arthropods. The PC molecular species of the amphipod Gam-
marus sp. were also dominated by this molecular species (12).
Unlike those results and the ones reported for Limulus polyphe-
mus amebocytes (13), no fully saturated species were detected in
the caridean decapod M. borellii (present results), Pandulus sp.,
or Parapandulus sp. (9). Moreover, we found minor amounts of
di-polyunsaturated molecular species. Nevertheless, the vast ma-
jority of PC molecular species in these species consisted of sn-1
saturated or monoenoic 16- or 18-carbon FA and sn-2
monoenoic and polyenoic PC molecular species. This was ex-
pected, as it is a feature also found in the composition of most
PC molecular species of freshwater (35,36) and terrestrial
(37–39) vertebrates. In general, the molecular species composi-
tion reflected the high level of PUFA found in the PL FA profile
of M. borellii.

After 3 wk of exposure to WSF, the composition of the mo-
lecular species of hepatopancreatic PC was modified such that
it probably compensated for any changes triggered by the stres-
sor. Tissues with a lower TAG/PL ratio were more greatly af-
fected by the WSF, as suggested by Bergen et al. (27) for mus-
sels; with the hepatopancreas there was a significant decrease
in most of the PUFA-containing PC molecular species, proba-
bly due to the high susceptibility of PUFA to lipoperoxidation
induced by aromatic HC detoxification (32).

One inherent property of the cells in poikilothermic animals
is their ability to adjust the physicochemical characteristics of
their membranes to the prevailing temperatures. Saturated FA

produce less fluid PL with increasing chain lengths (38), but
PUFA make the membranes only slightly more fluid than do
monounsaturated FA. Therefore, the decrease in the fluidizing
highly PUFA-containing species triggered by WSF exposure
could be compensated for by the increase in di-monounsatu-
rated 18:1-containing PC species as well as the decrease in
16:0/18:1. Interestingly, these results are similar to those found
for shrimp exposed to different temperatures in which changes
in the PC molecular species were produced in such a way that
the fluidity was roughly maintained (35). Reshuffling and re-
structuring of the molecular species might be an important fac-
tor in lipid membrane adaptation, minimizing alterations
caused by exposure to the WSF, although the present data do
not allow us to differentiate between an adaptation to the WSF
or a direct effect of WSF on the membranes.

The lack of change caused by WSF in the FA composition of
the eggs, together with significant changes in the PC molecular
species (Fig. 2), indicates that the type and proportion of the FA
at both the sn-1 and sn-2 positions had altered. This could be a
consequence of the availability of different FA (for example,
from the TAG pool), but also of changes found in the specific ac-
tivity of enzymes involved in PC synthesis. A retailoring process
was evidently induced, and a deacylation–reacylation at carbons
sn-1 and sn-2 was also manifest, although not much information
is available on these processes in crustaceans. The profile of the
PC molecular species might also have been influenced by differ-
ent types of pathways, such as PE N-methylation, which has
been found to be very active in crustaceans (40), although this
was not checked on these shrimp. 

In contrast to the hepatopancreas, the eggs showed a signifi-
cant decrease in molecular species containing oleic acid and an
increase in the PUFA-containing molecular species in WSF-
exposed embryos. The increase in PUFA-containing molecular
species may be related to the fact that the embryos must con-
serve these EFA for proper development, and in this sense, we
previously observed that developing time and hatching are not
significantly altered in WSF-exposed embryos (16). Ongoing
experiments are focusing on the changes in membrane proper-
ties, e.g., chemical reactivity, fluidity, and interaction with pro-
teins, induced by WSF.

The PC species 16:0/18:1 was the most affected by expo-
sure to WSF, and its marked decrease in the hepatopancreas or
eggs could be used as a complementary early biochemical bio-
marker, indicating the presence of HC pollution. Nevertheless,
work is needed to validate the suitability of PC species as bio-
markers in the environment. The shift in molecular composi-
tion of PC is noteworthy since it illustrates that relatively small
changes on a total scale (lipids and FA composition) are trans-
lated into major changes in the PUFA- and monounsaturated
FA-containing PC fractions. The different responses observed
in the adults and eggs of PC species reinforce the need to in-
clude different life history stages of species in toxicological
tests, as well as an appropriate biomarker that integrates chem-
ical data with biological responses, when aiming for a better
evaluation of hazardous compounds.
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ABSTRACT: Earlier cryo-electron microscopic studies have in-
dicated that the normal low density lipoprotein (N-LDL) has a dis-
coid shape when its core is in the liquid-crystalline state. In the
present study, we investigated whether the shape of LDL depends
on the physical state and/or the lipid composition of the lipopro-
tein core. Using a custom-built freezing device, we vitrified N-
LDL samples from either above or below the phase-transition
temperature of the core (42 and 24°C, respectively). Cryo-elec-
tron microscopy revealed no differences between these samples
and indicated a discoid shape of the N-LDL particle. In contrast,
TG-enriched LDL (T-LDL) did not have discoid features and ap-
peared to be quasi-spherical in preparations that were vitrified
from either 42 or 24°C. These results suggest that the shape of N-
LDL is discoid, regardless of the physical state of its core, whereas
T-LDL is more spherical. Aspects that may influence the shape of
LDL are discussed.

Paper no. L9583 in Lipids 40, 495–500 (May 2005).

Low density lipoprotein (LDL) transports cholesterol through-
out the human body, and elevated levels of this lipoprotein in the
blood correlate with increased risk of atherosclerosis and coro-
nary heart disease. LDL is a quasi-spherical particle that contains
a core of mainly cholesteryl esters and a surface monolayer of
phospholipids, free cholesterol, and a single molecule of
apolipoprotein B-100 (apoB; Mr ~550,000) (1,2). ApoB is a lig-
and for the apoB/E-receptor, allowing for receptor-mediated en-
docytosis of LDL by cells that express the receptor (3,4). In ad-
dition, apoB binds to proteoglycans in the vascular wall (5,6),
which is one of the critical first steps in atherosclerosis (7,8).
Thus, both the normal metabolism of LDL and the pathogenic
properties of the lipoprotein particle depend on the structure of
apoB.

Studies have shown that the lipid composition and size of
the LDL core influence the conformation of apoB on the
lipoprotein surface. Structural parameters, such as the relative
amount of α-helical and β-sheet structure (9,10), the exposure
of lysine amino groups on the LDL surface (11), the exposure
of epitopes on the LDL surface (10–12), the susceptibility of
apoB to protease digestion (9), and the affinity of apoB for the

LDL receptor (9–14), all depend on the size of the LDL core.
As a result, small, dense LDL particles appear to be more
atherogenic than larger and more buoyant LDL (15,16).

Recent experiments have shown that the conformation of
apoB on the LDL surface also depends on the physical state of
the LDL core (17,18). The main components of the core, cho-
lesteryl esters, are normally in a disordered liquid state at phys-
iological temperature and in a more ordered liquid-crystalline
state at room temperature (19–25). The temperature at which
the transition between these two states occurs, i.e., the phase-
transtion temperature, is usually around 30°C. However, ani-
mal studies have shown that diets with a high content of cho-
lesterol and saturated fat can change the composition of the
LDL core, and as a result elevate the phase-transition tempera-
ture to 40–45°C (26–28). Temperature-dependent IR spec-
troscopy and circular dichroism studies (17,18) indicate that
these diet-induced changes in the physical state of the core may
affect the conformation of apoB on the LDL surface, which in
turn may influence the metabolic and pathogenic properties of
the lipoprotein particle. 

Recent cryo-electron microscopy (cryo-EM) studies have
shown quite unexpectedly that LDL particles with a liquid-
crystalline core may have an oblate ellipsoid or “discoid” shape
(29–34). Low-resolution X-ray crystallography and high-per-
formance gel-filtration chromatography appear to confirm the
discoid nature of the LDL complex (35,36). Based on these ob-
servations, we have recently speculated that the liquid to liq-
uid-crystalline transition of the LDL core may be associated
with a spherical to discoid change in the shape of the lipopro-
tein particle, and that this shape change may be responsible for
the observed change in the conformation of apoB on the LDL
surface (18,33). A recent cryo-EM study seems to confirm this
suggestion (34); however, high-performance gel-filtration chro-
matography indicates that LDL has a discoid shape regardless
of the physical state of its core (36). 

To address this issue further, we analyzed two LDL species
with different core properties using cryo-EM. Our results sug-
gest that the shape of normal LDL (N-LDL) is discoid, regard-
less of the physical state of its core, and that TG-rich LDL (T-
LDL) is more spherical.

MATERIALS AND METHODS

LDL samples. N-LDL, d = 1.019–1.064 g/mL, was isolated from
the blood of a healthy, nonsmoking, normolipidemic donor,
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using sequential flotation ultracentrifugation as described
earlier (18). T-LDL was produced by an in vitro lipid transfer
procedure, using N-LDL, Intralipid (Sigma Chemical Company,
St. Louis, MO), and lipoprotein-deficient plasma as a source for
the cholesteryl ester transfer protein (18). The integrity of apoB
in N-LDL and T-LDL was confirmed using SDS polyacryl-
amide gel electrophoresis according to Laemmli (37). Protein
concentrations were determined with a modified Lowry assay,
using BSA as a standard (38). Total cholesterol concentrations
were determined using assay kit 439-17501 from Wako Chemi-
cals (Richmond, VA). TG concentrations were determined using
assay kit TR22421 from Thermo Trace (Melbourne, Australia).

Differential scanning calorimetry (DSC). DSC was per-
formed using a Nano II Differential Scanning Calorimeter
(Calorimetry Sciences Corporation, American Fork, UT). Be-
fore analysis, LDL samples were dialyzed into 10 mM sodium
phosphate buffer (pH 7.4). Buffer and LDL samples were de-
gassed under vacuum, after which 0.6 mL of each was loaded
into the reference and sample cells of the calorimeter, respec-
tively. LDL samples were analyzed at protein concentrations
of 0.75–1.5 mg/mL. Thermograms were recorded over a tem-
perature range of 0–45°C at heating and cooling rates of
60°C/h. Three sequential up-and-down scans were performed
to verify reversibility of the phase transition. 

Preparation of LDL for cryo-EM. Cryo-EM samples were
prepared with a custom-built freezing device as described in
Figure 1. Using this device, LDL samples were vitrified from
either 24 or 42°C. Before loading samples into the freezing de-
vice, they were incubated for at least 15 min in a temperature-
controlled water bath to bring the preparations to the desired
temperature (either 24 or 42°C). Once the samples were loaded
into the freezing device, they were equilibrated at the desired
temperature for an additional 5 min before being plunge-
frozen. These loading procedures assured that the LDL sample
was at either 24 or 42°C immediately prior to vitrification.

Vitrification, i.e., freezing at rates that are high enough to
prevent the formation of ice crystals, is commonly achieved
when thin cryo-EM samples are plunged into liquid propane or
ethane (29–31,39). Earlier studies have shown that the vitrifi-
cation process is fast enough to capture membrane fusion in-
termediates and characteristic features of lipid phases that exist
above the phase-transition temperature of the system (40–42).
The present study, therefore, assumed that structural features
related to the physical state of the LDL core were likewise pre-
served during vitrification.

Cryo-EM. N-LDL and T-LDL samples were analyzed under
low-dose conditions, at 120 kV and –170°C, using a JEOL
1200EX electron microscope (JEOL, Ltd., Peabody, MA) and a
Gatan model 626 cryo-transfer device (Gatan, Inc., Warrendale,
PA) as described earlier (29–31). The following areas of the
preparation were exluded from analysis: (i) Areas in which the
ice was too thick for penetration of the electron beam. (ii) Areas
with cubic or hexagonal ice crystals. These ice crystals, which
prevent proper structural analysis, are easily recognized in elec-
tron diffraction patterns (in the electron microscope) and in the
final cryo-EM image (photographic negative). (iii) Areas in

which the ice was too thin for random orientation of the LDL
particles. These areas did not appear very often, and could be
recognized by a steep gradient of background ice combined with
an altered distribution of various projections (43). All other areas
of the cryo-EM preparation were photographed and included in
the analysis. At least 500 projections of each sample were mea-
sured. Images were recorded on Kodak 4489 film (Eastman
Kodak Company, Rochester, NY) at a magnification of 30,000×.
Photographic negatives were digitized at an optical resolution of
4800 dpi using a FlexTight Precision II Scanner (Imacon, Inc.,
Redmond, WA). Dimensions of the various LDL projections
were determined using the measuring tool of Adobe Photoshop,
software version 5.0 (Adobe Systems, Inc., San Jose, CA). 
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FIG. 1. Custom-built freezing device for the vitrification of samples of differ-
ent temperatures. A pair of forceps (A), holding an electron microscopy (EM)
grid with a lacy substrate (white arrow), is attached to a plunger (B). This
plunger is connected to tubing that is pressurized with air. Air pressure in the
tubing is adjusted with a control valve (not shown), usually set at 20 psi. Re-
lease of the pressure with a control switch (C) forces the plunger and the at-
tached forceps down with high speed. The environment in the Plexiglas box
(D) can be warmed by a heating pad in the back of the box (rectangle, E).
The temperature near the EM sample is measured with a thermocouple (F)
that is connected to a thermostat (not shown). In the bottom of the box are
two small containers (G) that are filled with water. Filter paper soaked with
water is guided from the water containers to the top of the heating pad to
allow efficient distribution of water vapor throughout the box. The front
panel of the box hinges on the left (black arrows) and can be opened to allow
the forceps to be attached to the plunger and the sample to be applied to the
EM grid (white arrow). After application of the sample, the front panel is
closed and the environment is equilibrated at the desired temperature and
high humidity. Subsequently, the bulk of the lipoprotein sample is blotted
from the EM grid through a side entrance of the box (H), using a spatula cov-
ered with filter paper. Blotting of the sample results in the formation of thin
films of lipoprotein solution in the holes of the lacy substrate on the EM grid.
On formation of the thin films, the preparation is equilibrated at the set tem-
perature for an additional 5 min. Subsequently, the control switch (C) pres-
surizes the plunger (B), which forces the attached forceps through the opened
shutter into the container of liquid propane (I). Propane in the central com-
partment of the container (I) is kept in a liquid state by liquid nitrogen, pre-
sent in the outer compartment of the container (I).



RESULTS

The influence of the physical state and lipid composition of the
LDL core on the overall shape and substructure of the lipopro-
tein particle was analyzed with two different LDL species: N-
LDL, with a core phase-transition temperature of 31.1 ±
0.96°C, and in-vitro-produced T-LDL, with a core phase-tran-
sition temperature of 15.0 ± 1.79°C (Fig. 2, Table 1). The cho-
lesterol and TG content, as well as some of the physical prop-
erties of these two LDL species, are shown in Table 1.

N-LDL samples vitrified from 24 or 42°C. Figure 3A shows
a typical N-LDL preparation that was vitrified from 24°C
(which is ~7°C below the phase-transition temperature of the
N-LDL core). Various types of projections of the LDL struc-
ture were observed, including circular projections with a high-
density ring and rectangular projections with two high-density
bands. Earlier studies have shown that these projections repre-
sent face-on and edge-on views of a discoid structure, respec-
tively (29–31). The projection most indicative of the discoid
shape of N-LDL is the rectangular projection, resulting from
an edge-on view of the structure. However, as the lipoprotein
particles were free to rotate in solution immediately prior to vit-
rification, only a limited number of particles provided an edge-
on view. In N-LDL preparations vitrified from 24°C, 12.8% of

all measured projections were unambiguously rectangular with
two high-density bands (Fig. 4). This result is in good agree-
ment with the number of rectangular projections observed in
previous studies (29–31).

Figure 3B shows a typical N-LDL preparation that was vit-
rified from 42°C (which is ~11°C above the phase-transition
temperature of the N-LDL core). As in preparations vitrified
from 24°C, various types of projections of the LDL structure
were observed, including circular projections with a high-den-
sity ring and rectangular projections with two high-density
bands. The various projections observed in preparations frozen
from 42°C were indistinguishable from those observed in
preparations frozen from 24°C. In N-LDL preparations vitri-
fied from 42°C, 10.2% of all measured projections were unam-
biguously rectangular with two high-density bands (Fig. 4).
This percentage was not significantly different from the per-
centage of rectangular projections seen in N-LDL preparations
frozen from 24°C (Fig. 4), indicating that, as at 24°C, N-LDL
had a discoid shape at 42°C.

T-LDL samples vitrified from 24 or 42°C. T-LDL samples
were vitrified from 24 and 42°C to further assess whether LDL
particles with a liquid core have discoid features. Because the
phase-transition temperature of the T-LDL core is ~15°C, T-
LDL has a liquid core at both experimental temperatures. Fig-
ures 3C and 3D show typical cryo-EM preparations of T-LDL,
vitrified from 24 and 42°C, respectively. In both types of T-
LDL preparations, very few rectangular projections with two
high-density bands were observed. In T-LDL preparations
frozen from 24°C, only 0.8% of the measured projections were
rectangular, whereas in preparations frozen from 42°C, 0.5%
of the measured projections were rectangular (Fig. 4). These
observations indicate that T-LDL particles are not discoid, but
instead have a more spherical shape. The fact that N-LDL with
a liquid core, vitrified from 42°C, had a discoid shape (see pre-
ceding discussion), suggests that the high TG content of the T-
LDL core, and not the physical state of the core, is responsible
for the quasi-spherical features of T-LDL (Table 2).

DISCUSSION

Molecular models of LDL generally depict the lipoprotein par-
ticle as a sphere. In these models, the liquid-crystalline LDL
core is organized in concentric, spherical layers of cholesteryl
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FIG. 2. DSC of normal low density lipoprotein (N-LDL) and TG-rich low
density lipoprotein (T-LDL). Representative thermograms of N-LDL with
a high phase-transition temperature (Tm = 31°C) and T-LDL with a low
phase-transition temperature (Tm = 12°C) are shown.

TABLE 1
Properties of Normal LDL (N-LDL) and TG-Rich LDL (T-LDL)a

Chol/proteinb TG/protein Chol/TGb Tm Size
(w/w) (w/w) (w/w) (°C) (nm)

N-LDL 1.34 ± 0.08 0.15 ± 0.05 9.81 ± 2.57 31.1 ± 0.96 19.8 ± 1.85
T-LDL 1.08 ± 0.19 0.30 ± 0.08 3.81 ± 0.73 15.0 ± 1.79 18.5 ± 1.92
aChol, total cholesterol; Tm, midpoint of the phase-transition of the low density lipoprotein (LDL) core, determined using
differential scanning calorimetry (DSC). Size of the lipoprotein particles is indicated as the diameter of circular LDL projec-
tions in cryo-electron microscopy (cryo-EM) preparations frozen from 24°C. Values are the means of analyses on three dif-
ferent LDL preparations ± SE. 
bSeparate experiments showed that the in vitro conversion of N-LDL to T-LDL does not influence the free cholesterol and
total phospholipid contents of the lipoprotein particle: The free cholesterol content of N-LDL and T-LDL was 0.35 ± 0.08
mg/mg protein (n = 5) and 0.30 ± 0.03 mg/mg protein (n = 5), respectively (P = 0.128), whereas the total phospholipid con-
tent of N-LDL and T-LDL was 0.82 ± 0.17 mg/mg protein (n = 5) and 0.75 ± 0.06 mg/mg protein (n = 5), respectively (P =
0.379).



esters (19–25) (Fig. 5A). However, recent cryo-EM studies
suggest that LDL has an oblate ellipsoid or discoid shape when
its core is in the liquid-crystalline state (29–34). This sugges-
tion has recently been supported by low-resolution X-ray crys-
tallography (35) and high-performance gel-filtration chroma-
tography (36). New LDL models therefore propose that the liq-
uid-crystalline core is organized into flat layers of cholesteryl
esters (32,35,36) (Fig. 5B), which is consistent with the crys-
tallization of neat cholesteryl esters in flat sheets (44). 

The present study was designed to test the hypothesis that
the phase-transition of the LDL core is associated with a spher-
ical to discoid change in the shape of the lipoprotein particle.
Quite unexpectedly, projections of N-LDL in preparations vit-
rified from 42°C (i.e., ~11°C above the phase-transition of the
LDL core) (Fig. 3B) were similar to those observed in prepara-
tions vitrified from 24°C (i.e., ~7°C below the phase-transition
of the LDL core) (Fig. 3A). In addition, roughly equal numbers
of rectangular projections, representing edge-on views of the
discoid structure (29–31), were observed in preparations vitri-
fied from 42 or 24°C (Fig. 4). These results suggest that the N-
LDL particle has a discoid shape regardless of the physical
state of its core.

Our present results are in agreement with a recent study by
Teerlink et al. (36), who used compositional analyses in com-
bination with high-performance gel-filtration chromatography
to investigate the shape of LDL. Their results fit a discoid
model of LDL better than a spherical model both at 24°C, when
the core was liquid-crystalline, and at 37°C, when the core was
liquid. Interestingly, however, our results seem to disagree with

a recent cryo-EM study by Sherman et al. (34) suggesting that
LDL particles with a liquid core are spherical. The reason for
this discrepancy is not clear. However, we have recently ob-
served that discoid LDL particles may assume preferred face-
on orientations in extremely thin aqueous films, resulting in a
predominance of circular projections on the microscope screen
(43). This predominance of circular projections may create the
impression that the LDL particle has a spherical shape, while
in fact only face-on orientations of a discoid structure are ob-
served. 

The present study shows that T-LDL does not have discoid
features, indicating that the TG content of the LDL core plays
a role in determining the shape of LDL. Consistent with this
suggestion is the cryo-EM observation that TG-rich VLDL and
intermediate density lipoproteins are spherical, whereas inter-
mediate density lipoprotein particles with a lower TG content
are discoid in preparations that are vitrified from room temper-
ature (31). In addition, similar to T-LDL in the present study,
TG-rich small, dense LDL from hypertriglyceridemic subjects
lack discoid features (30). A possible explanation for the ab-
sence of discoid features in TG-rich lipoprotein particles may
be found in a recent study by Pregetter et al. (45). The authors
of this study propose that, below the phase transition tempera-
ture, the core of T-LDL contains two concentric compartments:
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FIG. 3. Cryo-electron micrographs of N-LDL (A, B) and T-LDL (C, D),
ultra-rapidly frozen from 24 (A, C) and 42°C (B, D). Arrowheads indi-
cate rectangular projections with two high-density bands, representing
edge-on views of the LDL disc (29–31).For abbreviations see Figure 2.

FIG. 4. Frequency distribution of rectangular projections with two high-
density bands in cryo-EM preparations of N-LDL and T-LDL, vitrified
from 24 or 42°C. The occurrence of rectangular projections in N-LDL
preparations vitrified from 24 or 42°C is not significantly different (t-
test; P = 0.105); n refers to the number of separate LDL preparations
analyzed using cryo-EM. For abbreviations see Figure 2.

TABLE 2
Core Properties and Overall Shape of N-LDL and T-LDLa

Physical state/shape Physical state/shape 
Tm (°C) at 24°C at 42°C

N-LDL 31.1 ± 0.96 Liquid crystalline/disc Liquid/disc
T-LDL 15.0 ± 1.79 Liquid/sphere Liquid/sphere
aIndicated are the physical state of the LDL core and the overall shape of the
lipoprotein particle, as observed in cryo-electron micrographs. For abbrevia-
tions see Table 1.



a fluid inner core containing mostly TG, surrounded by a shell
of cholesteryl esters in the liquid-crystalline state. Thus, the
presence of a relatively large TG inner core may prevent the
arrangement of cholesteryl esters in flat layers.

Presently, we cannot exclude the possibility that the discoid
shape of normal LDL, observed with cryo-EM (29–34), X-ray
crystallography (35), and high-performance gel-filtration chro-
matography (36), is generated during isolation or storage of the
lipoprotein complex at nonphysiological temperatures, i.e.,
below the phase transition of the cholesteryl ester core. These
conditions may irreversibly deform the shape of LDL, which,
in the native state, may still be spherical. It will be important to
resolve this issue while attempts are made to reconstruct the 3-
D structure of LDL at a higher resolution.
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FIG. 5. Highly schematic representations of the liquid-crystalline LDL
core (cross-sectional views). Free cholesterol and TG have been omit-
ted from the drawings for clarity. (A) Generalized representation of ear-
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teryl esters. (B) Generalized representation of new models (32,35,36),
in which the liquid-crystalline core contains flat layers of cholesteryl
esters. For abbreviation see Figure 2.
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ABSTRACT: The effects of droplet size and emulsifiers on ox-
idative stability of polyunsaturated TAG in oil-in-water (o/w)
emulsions with droplet sizes of 0.806 ± 0.0690, 3.28 ± 0.0660,
or 10.7 ± 0.106 µm (mean ± SD) were investigated. Hydroperox-
ide contents in the emulsion with a mean droplet size of 0.831
µm were significantly lower than those in the emulsion with a
mean droplet size of 12.8 µm for up to 120 h of oxidation time.
Residual oxygen contents in the headspace air of the vials con-
taining an o/w emulsion with a mean droplet size of 0.831 µm
were lower compared with those of the emulsion with a mean
droplet size of 12.8 µm. Hexanal developed from soybean oil
TAG o/w emulsions with smaller droplet size showed signifi-
cantly lower residual oxygen contents than those of the larger
droplet size emulsions. Consequently, oxidative stability of TAG
in o/w emulsions could be controlled by the size of oil droplet
even though the origins of TAG were different. Spin-spin relax-
ation time of protons of acyl residues on TAG in o/w emulsions
measured by 1H NMR suggested that motional frequency of some
acyl residues was shorter in o/w emulsions with a smaller droplet
size. The effect of the wedge associated with hydrophobic acyl
residues of emulsifiers was proposed as a possible mechanism to
explain differences in oxidative stability between o/w emulsions
with different droplet sizes.

Paper no. L9705 in Lipids 40, 501–507 (May 2005).

Human epidemiological and experimental animal studies have
suggested that regular consumption of fish oil reduces morbid-
ity as well as mortality due to cardiovascular diseases (1). n-3
PUFA in marine oils are known to possess several kinds of
physiological functions (2,3). Most foods contain oil droplets
in a range of sizes varying from less than 0.2 µm to greater than
100 µm, depending on the product (4). The oxidation rate of
PUFA-containing oils in a bulk system increases with their de-
gree of unsaturation (5,6). Numerous factors influence the sus-
ceptibility of PUFA to lipid oxidation when it proceeds in a het-

erogeneous emulsion system consisting of an oil interior, inter-
facial region, and aqueous phase. With regard to the interfacial
characteristics of emulsions, the electrical charge of the oil
droplet deriving from surface-active components is one of the
factors influencing the rate of lipid oxidation (7,8). In addition,
the interfacial membrane may act as a physical barrier that sep-
arates lipid molecules from pro-oxidants in the aqueous phase
(9). With regard to physical characteristics of droplets in emul-
sions, the physical state (10), concentration (11), and droplet
size (12,13) influence the rate of lipid oxidation. Other factors
influencing oxidative susceptibility of emulsions include tran-
sition metal ions (14), types of emulsifiers (15–18), pH (19,20),
and pro-oxidative and antioxidative compounds (9,21–24).

The oxidative stability of PUFA in aqueous micelles de-
creases with increasing number of double bonds (1,25). Never-
theless, there have been few systematic studies on the influence
of droplet size on the oxidative stability of oil-in-water (o/w)
emulsions. Under fixed oil concentrations, the surface area of
droplets increases with decreasing droplet diameter (26).
Therefore, one would expect the rate of lipid oxidation to in-
crease with decreasing droplet size. Recently, Lethuaut et al.
(27) reported that the oxidative stability of a sunflower oil o/w
emulsion became worse by increasing the diameter of the oil
droplets. Coupland et al. (28) reported, however, that droplet
size did not affect oxidation rate of o/w emulsions. In most pre-
vious studies on the influences of droplet sizes on oxidative sta-
bilities of lipids in emulsion systems, the emulsions were pre-
pared using traditional techniques such as ultrasonic agitation
or high-speed mechanical blending. Those traditional tech-
niques, however, usually provided undesirable oxidative stress
to unsaturated lipids during preparation of emulsions prior to
subjecting the emulsions to the oxidation process. An oxida-
tive stress-free technique is therefore necessary when unsatu-
rated oil emulsions are prepared for the purpose of evaluating
the effects of droplet size on oxidative stability.

The present study was conducted to evaluate the effects of
droplet sizes on the oxidative stability of cod liver oil and soy-
bean oil TAG o/w emulsions prepared by an oxidative stress-
free technique. To explain the differences in oxidative stabili-
ties between o/w emulsions with different droplet sizes, the
spin-spin relaxation times of protons (1H T2) of the acyl
residues on TAG molecules in o/w emulsions were measured
by 1H NMR. 
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MATERIALS AND METHODS

Materials and chemicals. Partially purified and refined cod
liver oil and soybean oil were obtained from Toho Co., Ltd.
(Tokyo, Japan) and Miyazawa Yakuhin Co. Ltd. (Tokyo,
Japan), respectively. Sucrose lauryl ester and decaglycerol lau-
ryl ester, both of which had HLB values of 16, were kindly do-
nated by Mitsubishi-Kagaku Foods Co. (Tokyo, Japan).
Diphenyl-1-pyrenylphosphine (DPPP) was purchased from
Dojindo Laboratories Co. Ltd. (Kumamoto, Japan). 1-Myris-
toyl-2[12-(7-nitro-2-1,3-benzoxadiazol-4-yl)amino dode-
canoyl]-sn-glycero-3-phosphocholine (NBD-labeled PC) was
purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Shi-
rasu porous glass (SPG) membranes were purchased from SPG
Technology Co. Ltd. (Miyazaki, Japan).

Purification of cod liver oil and soybean TAG. Both cod liver
oil and soybean oil were further purified by column chromatogra-
phy on silica gel 60 (6 cm i.d. × 72 cm, Spherical, 40–50 µm;
Kanto Chemical Co. Inc., Tokyo, Japan). Oils (35 g) were loaded
on the top of the column, and the TAG fraction was eluted using
n-hexane, followed by 5% (vol/vol) diethyl ether in n-hexane to
remove polar compounds and tocopherol analogs.

Preparation of o/w emulsion. A solution containing 10%
(w/w) TAG, 1% (w/w) sucrose lauryl ester or decaglycerol lau-
ryl ester, 100 µM EDTA tripotassium salt dihydrate
(EDTA·3K), and 25 mM citrate-phosphate buffer (pH 6.6) was
prepared using ultrapure water. Components were pre-mixed
gently in a glass beaker with a Teflon-coated magnetic stir bar.
The singly dispersed o/w emulsions with different droplet sizes
were prepared using a membrane filtration technique with an
external pressure-type membrane emulsification instrument
(SPG Technology Co. Ltd.) equipped with an SPG membrane
with a mean pore size of 0.8, 1, 3, or 10 µm (29).

Measurement of droplet size. Droplet sizes of o/w emulsions
were measured with a laser diffraction particle size analyzer
model SALD-300V (Shimadzu Co., Kyoto, Japan).

Oxidation of o/w emulsions. To determine hydroperoxide
(HPO) contents in the o/w emulsions, 50 mL of control or test
emulsion was transferred into an Erlenmeyer flask. For deter-
mination of oxygen absorption, 10 mL of emulsion was placed
in a glass vial of 61 mL in volume and subsequently sealed
tightly with an aluminum cap with polytetrafluoroethylene/sili-
cone liner (Supelco, Bellefonte, PA). Flasks and vials were
shaken gently and horizontally in an oven at 40°C in the dark.

Determination of oxygen absorption. One-tenth of a milli-
liter of headspace air in the vial was withdrawn with a gas-tight
microsyringe attached to a 24 G needle and immediately in-
jected into a Shimadzu gas chromatograph model GC3BT
equipped with a glass column (2.5 mm i.d. × 2.1 m) packed
with molecular sieve 5A (80–100 mesh; Nihon Chromato Co.
Ltd., Tokyo, Japan) and a thermal conductivity detector. The
column oven, injection port, and detector temperatures were
controlled at 67°C. Helium was used as a carrier gas at an inlet
pressure of 1.2 kg/cm2.

Determination of HPO. HPO content was determined by a
flow-injection analysis (FIA) system with a DPPP fluorescent

post-column detection system as reported previously (30). For
the preparation of sample solution, 0.1 mL o/w emulsion was
mixed with 1 mL DPPP solution (21.6 nmol/mL in methanol)
in a 10 mL-volumetric flask, and then the mixture was made
up to 10 mL using butanol. Next, 20 µL of the butanol solution
was injected into the FIA system. 

Determination of hexanal. Hexanal in headspace was deter-
mined following a method slightly modified from Frankel et
al. (31). Volatiles were collected with a Hewlett-Packard model
19395A headspace sampler (Avondale, PA) and separated on a
Shimadzu model GC-15A gas chromatograph (Kyoto, Japan)
equipped with a Simplicity-5 capillary column (0.25 mm i.d. ×
30 m, 0.25 µm in film thickness; Supelco), and the sample sig-
nals were integrated with a Shimadzu Chromatopac C-R4A.
Sampling conditions of the headspace gas were as follows:
sample loop and transfer line temperature of 100°C, sample
temperature of 65°C, venting period of 10 s, and injection time
of 1 min.

1H NMR measurement. 1H T2 measurements for cod liver
oil TAG molecules in the o/w emulsion were carried out with a
Bruker Avance DRX-300 spectrometer operating at 300.15
MHz for 1H. Acquisition time was 0.683 s, corresponding to
4048 points in the time domain. Dead time of the spectrometer
was 4.5 µm. The temperature was continuously monitored with
an optical fiber thermometer (Takaoka Electric Mfg. Co.,
Tokyo, Japan) placed in the sample tube and was maintained at
40 ± 0.5°C with a variable temperature unit (Bruker model VT-
2000). The standard Carr–Purcell–Meiboom–Gill (CPMG)
method with the pulse sequence of {π/2x−(t − πy−τ− echo−)n}
was used. The pulse spacing τ was 1 ms and the π/2 was 8.6
µs. Echo signals were measured varying the echo time 2 τn
from 4 to 1760 ms and Fourier-transformed to give spectra.
Peak intensities were plotted against the echo time for each
peak. 1H T2 was obtained from a least-squares fitting to the ex-
perimental data using Equation 1 for single-component decay
and Equation 2 for two-component decay.

I/I0 = exp(− t/T2) [1]
I/I0 = f1 exp(− t/T2,1) + f2 exp(− t/T2,2) [2]

where I is peak intensity at echo time, I0 is peak intensity at t =
0, and f1 and f2 are fractions of components 1 and 2, respec-
tively. 

Statistical analyses. Contents of HPO, residual oxygen, and
hexanal were given as means ± SD. Student’s t-test (32) was
used to distinguish significant differences among the mean val-
ues. ANOVA was performed by a one-way procedure. Signifi-
cant differences were determined at P < 0.05.

RESULTS

Droplet sizes of o/w emulsions. Droplet size distributions of
cod liver oil TAG o/w emulsions stabilized by decaglycerol
lauryl ester are shown in Figure 1A. The mean values of droplet
sizes and SD of o/w emulsions prepared with an SPG mem-
brane with a mean pore size of 0.8, 3.1, or 10 µm were 0.806 ±
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0.0690, 3.28 ± 0.0660, and 10.7 ± 0.106 µm (mean ± SD), re-
spectively. The use of sucrose lauryl ester as the emulsifier also
provided single-dispersed emulsions with droplet sizes of
0.831 ± 0.0760 and 12.8 ± 0.0610 µm as shown in Figure 1B.
When soybean oil TAG o/w emulsions were prepared by using
decaglycerol lauryl ester as the emulsifier, the single-dispersed
emulsions with mean droplet sizes of 0.828 ± 0.0850, 1.09 ±
0.0760, or 9.38 ± 0.276 µm were again obtained successfully
as shown in Figure 1C.

Although the single-dispersed o/w emulsions were prepared
successfully for TAG of both fish and vegetable oils as well as
for both emulsifiers, emulsions with mean droplet sizes of over
3.28 µm showed creaming during standing without any shak-
ing. Oil droplets of o/w emulsions were, however, physically
stable over the period of oxidation, and droplet sizes of the
emulsions remained unchanged at 40°C in the dark for up to
120 h of oxidation time (data not shown).

Oxidative stability of TAG in o/w emulsions. Changes in total
HPO contents generated in cod liver oil TAG o/w emulsions

stabilized by decaglycerol lauryl ester are shown in Figure 2A.
With decreasing droplet size of o/w emulsions from 10.7 to
0.806 µm, HPO contents in the vials became significantly less
during oxidation for up to 120 h. Changes in residual oxygen
contents in cod liver oil TAG o/w emulsions stabilized by 1%
decaglycerol lauryl ester are shown in Figure 2B. Residual oxy-
gen contents in the headspace air of the vials containing the o/w
emulsion showed a trend similar to the case when sucrose lau-
ryl ester was used as an emulsifier; with decreasing droplet
sizes of the emulsions, the amount of absorbed oxygen became
lower after 96 h of oxidation.

Changes in the contents of total HPO generated in cod liver
oil TAG o/w emulsions stabilized by sucrose lauryl ester are
shown in Figure 3A. Total HPO contents in emulsions with a
mean droplet size of 0.831 µm were significantly lower than
those in emulsions with a mean droplet size of 12.8 µm for 120
h of oxidation time. HPO contents in emulsions with a mean
droplet size of 12.8 µm increased up to 58.1 mequiv/kg lipid.
On the contrary, for the same oxidation period, the HPO con-
tents in the emulsion with a mean droplet size of 0.831 µm was
14.3 mequiv/kg lipids. Decreases in residual oxygen contents
in the headspace air of the vials containing the o/w emulsion
that had a mean droplet size of 0.831 µm were significantly
lower than that with the emulsion that had a mean droplet size
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FIG. 1. Droplet size distributions of (A) cod liver oil-in-water emulsions
(10% TAG in water) stabilized by 1% decaglycerol lauryl ester, (B) cod
liver oil-in-water emulsions (10% TAG in water) stabilized by 1% su-
crose lauryl ester, and (C) soybean oil TAG (10% oil-in-water emul-
sions) stabilized by 1% decaglycerol lauryl ester. The mean droplet
sizes for (A) were: ss, 0.806 µm; nn, 3.28 µm; ll, 10.7 µm; for (B), ss,
0.831 µm; ll, 12.8 µm; for (C), ss, 0.828 µm; nn, 1.09 µm; ll, 9.38 µm.

FIG. 2. Changes in total hydroperoxide contents (A) and in residual oxy-
gen contents in the headspace air of vials (B) during oxidation of cod
liver oil TAG 10% oil-in-water emulsions stabilized by 1% decaglyc-
erol lauryl ester with mean droplet sizes of 0.806 (ss), 3.28 (nn), and
10.7 µm (ll) at 40°C in the dark. Values represent the mean of replicate
determinations (n = 5) ± SD at each time point. For each sample for the
same oxidation period, values with different superscripts (a–c) are sig-
nificantly different (P < 0.05).



of 12.8 µm after 72 h of oxidation as shown in Figure 3B. After
120 h oxidation, the residual oxygen content in the vial con-
taining the emulsion with a mean droplet size of 0.831 µm
amounted to 10.4 mL/vial; however, that in the vial containing
the emulsion with a mean droplet size of 12.8 µm was signifi-
cantly lower, amounting to 10.1 mL/vial.

Changes in total HPO contents of soybean oil TAG o/w
emulsions stabilized by decaglycerol lauryl ester are shown in
Figure 4A. With decreasing droplet size of o/w emulsions from
9.38 to 0.828 µm, HPO contents in the vials became signifi-
cantly lower during oxidation for up to 72 h. Changes in resid-
ual oxygen contents in the o/w emulsion of the soybean oil
TAG stabilized by 1% decaglycerol lauryl ester are shown in
Figure 4B. Residual oxygen contents in the headspace air of
the vials containing the emulsions showed a similar trend; with
decreasing droplet size of the emulsions, the amount of ab-
sorbed oxygen became lower after 72 h of oxidation. The
amounts of hexanal formed from the 9.38 µm emulsion were
significantly higher than those of the 0.828 and 1.09 µm emul-
sions after 72 h of oxidation (Fig. 4C).

Spin-spin relaxation time of protons. 1H NMR spectra of
cod liver oil TAG o/w emulsions with a mean droplet size of
0.815 and 6.54 µm, which were stabilized by 1% decaglycerol
lauryl ester, are summarized in Figure 5. Peaks at 0.94, 1.34,
1.63, 2.07, 2.29, and 2.87 ppm are assigned to methyl protons
(a), alkyl protons (b), carboxyl terminal (c), olefin proton (d),

and bisallylic proton (f), respectively. Figure 6A shows loga-
rithmic plots of peak intensities against echo time. Plots for
peaks at 0.94, 1.63, 2.07, 2.29, and 2.87 ppm regressed follow-
ing a straight line, and 1H T2 values were calculated by using
Equation 1. On the other hand, the plot for the peak at 1.34 ppm
had a bend, indicating that each methylene proton has different
1H T2 depending on the position in the alkyl group. We as-
sumed that these methylene protons can be divided into two
groups with large and small 1H T2 and analyzed the decays by
using Equation 2. The obtained 1H T2 values are summarized
in Figure 6B.

For peaks at 0.94, 1.63, 2.07, 2.29, and 2.87 ppm, 1H T2
differed from peak to peak reflecting the chemical structure;
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FIG. 3. Changes in total hydroperoxide contents (A) and in residual oxy-
gen contents in the headspace air of vials (B) during oxidation of cod
liver oil TAG 10% oil-in-water emulsions stabilized by 1% sucrose lau-
ryl ester with mean droplet sizes of 0.831 (ss) and 12.8 µm (ll) at 40°C
in the dark. Values represent the mean of replicate determinations (n =
5) ± SD at each time point. For each sample for the same oxidation pe-
riod, values with different superscripts (a, b) are significantly different (P
< 0.05).

FIG. 4. Changes in total hydroperoxide contents (A), in residual oxygen
contents in the headspace air of vials (B), and in hexanal contents in the
headspace air of vials (C) during oxidation of soybean oil TAG 10% oil-
in-water emulsions stabilized by 1% decaglycerol lauryl ester with
mean droplet sizes of 0.828 (ss), 1.09 (nn), and 9.8 µm (ll) at 50°C in
the dark. Values represent the mean of replicated determinations (n = 5)
± SD at each time point. For each sample for the same oxidation pe-
riod, values with different superscripts (a, b) are significantly different (P
< 0.05).



however, it is difficult to discuss the small differences of 1H
T2 between the o/w emulsions with different droplet sizes be-
cause small intensities for these peaks led to lower accuracy.
For the large peak at 1.34 ppm, the 1H T2 of the slow decay
component for the emulsion with smaller droplet size was
smaller than that for the emulsion with larger droplet size.

DISCUSSION

The present study clearly showed that droplet size of an o/w
emulsion influenced oxidative stability, and oxidative stability
increased with decreasing droplet size. Additionally, differ-
ences between nonionic types of emulsifier were not an impor-
tant factor in influencing the oxidative stability of the emul-
sions. Numerous reports have evaluated the effects of droplet
size on oxidative stability of o/w emulsions. Gohtani et al. (13)
compared the oxidative stability of free DHA o/w emulsions
with droplet sizes of 3.4 and 6.4 µm and reported that the ox-
idative stability of the emulsion with the smaller droplet size
was inferior to that of larger droplet size. They pointed out that
the close-packed droplets gathered by creaming at the surface
of emulsions and resulted in acccelerating a chain reaction in
the oxidation step of DHA when the emulsion was kept stand-
ing without shaking. In the present study, however, emulsions
were shaken gently and continuously during the oxidation
process and therefore the density of droplets in the emulsion
system should be similar between the emulsions with different
droplet sizes.

As one possible mechanism to explain improvements in ox-
idative stability found in o/w emulsions with smaller droplet
sizes, we propose the following hypothesis: The location of
emulsifier molecules at the interface between oil and water
phases may affect the mobility of TAG molecules existing at
the surface of the oil phase and may participate in the improve-
ment of oxidative stability of TAG. The ratio of the surface area
of a sphere to its volume is inversely proportional to the radius.
When the total interface areas as well as the total volumes of
droplets of equal volume of two o/w emulsions differing in oil
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FIG. 5. Typical 1H NMR spectra of cod liver oil TAG 10% oil-in-water
emulsions stabilized by 1% decaglycerol lauryl ester with a mean
droplet size of 0.815 µm.

FIG. 6. 1H NMR based on chemical shifts of cod liver oil TAG 10% oil-in-water emulsions stabilized by 1%
decaglycerol lauryl ester with mean droplet sizes of 6.54 and of 0.815 µm. Logarithmic plots of peak intensities
against echo time (A) and distributions of spin-spin relaxation times of protons (B).



droplet diameter by 10 times from each other are compared,
the relative concentration of the lauryl ester in the oil phase is
inversely proportional to the radius of the oil droplet. Thus, the
concentration of lauric acid residues of the emulsifier in the oil
phase of the smaller droplet becomes 10 times higher than that
of the larger droplet. On the other hand, the number of emulsi-
fier molecules located at the interface of the smaller droplet is
one-hundredth of that of the larger droplet, resulting in the ac-
tual concentration of lauric acid residues in smaller droplet be-
coming about 10 times higher than that in the larger droplet.
Consequently, the concentration of unsaturated TAG in a
smaller droplet becomes lower and thus lipids in the emulsion
become more stable against oxidation.

Recently, Osborn and Akoh (11) investigated the oxidative
stability of caprylic acid/canola oil o/w emulsion and reported
that the droplet size of the emulsion did not affect oxidative sta-
bility. The emulsion system used in those studies contained no
chelating agent, suggesting that HPO decompositions occurred
easily to form secondary oxidation products in the early stages
of the oxidation period. In our study, the added EDTA sup-
pressed the decomposition of HPO and resulted in the differ-
ences in oxidative stabilities between emulsions with different
droplet sizes.

As a possible mechanism to explain the different oxidative
stabilities between o/w emulsions with different droplet sizes,
another hypothesis on the wedge effect due to hydrophobic lau-
ryl residues of a sugar ester or polyglycerol ester has been pro-
posed and is illustrated in Figure 7. Emulsifier molecules lo-
cated at the interface between the oil and water phases may in-
fluence the mobility of TAG molecules existing in the oil phase
and may result in the improvement of oxidative stability of
TAG. The wedge driven in the oil phase of a droplet with a
small size suppresses the mobility of TAG molecules. In a
larger droplet, however, the wedge does not influence TAG
molecules located in the core of the droplet.

Yazu et al. (33,34) compared oxidation stabilities of methyl
eicosapentaenoate (methyl EPA) and methyl linoleate in mi-
celles and found that methyl EPA was more stable than methyl
linoleate. They explained the mechanism of this phenomenon

as follows: HPO generated by oxidation of methyl EPA is
polar, and HPO molecules located in the core of micelles move
to the interface area. Consequently, the propagation rate of rad-
icals becomes slower with increasing concentration of methyl
EPA HPO at the surface compared with the micelle core. In the
present study, oxidized TAG molecules with higher polarity
distribute in the interface area of an oil droplet, and their mo-
bility is restricted by wedges of emulsifier residues. The rate of
radical propagation will therefore become slower and result in
reduction of the oxidation rate. Since the distance from the core
of the oil droplet to the interface is short in a small droplet, it
will take less time to decrease the concentration of HPO mole-
cules in the core of droplets compared with the case of larger
droplets. Additionally, mobilities of polar HPO molecules
moving to the interface will be restricted by the wedge effect
of the emulsifier molecules.

The relaxation times of protons measured by 1H NMR
strongly support the foregoing hypothesis on wedge effect. The
TAG has higher molecular mobility when located at the core
than in the vicinity of the surface. When TAG migrates be-
tween the surface and the core of droplets in a shorter time than
1H T2, the observed 1H T2 (T2,obs) is expressed as follows:

1/T2,obs = Fcore/T2,core + Fsurf/T2,surf [3]

where Fcore and Fsurf are fractions of TAG migrating at the core
of the droplet and in the vicinity of the surface, respectively,
and Fcore + Fsurf = 1. T2,core and T2,surf are inherent T2 values
for TAG at the core and vicinity of the surface, respectively,
and T2,surf << T2,core because of the low molecular mobility at
the vicinity of the surface. Smaller droplets have smaller Fcore;
therefore, T2,obs becomes smaller. Thus, these observations
support the preceding hypothesis on the wedge effect due to
the hydrophobic residues of emulsifiers. The rates of chain oxi-
dation reactions consequently become smaller in smaller
droplet size emulsions due to the restriction of vibration fre-
quency of the acyl chains of TAG molecules in the smaller oil
droplet.

Our findings provide clear evidence that droplet size in o/w
emulsions influences oxidative stability of oils. Decreasing
emulsion droplet size directly improves oxidative stability of
oils. These observations will provide useful knowledge in de-
veloping food with stable oxidative characteristics.
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ABSTRACT: CLA, defined as one or more octadecadienoic
acids (18:2) with conjugated double bonds, has been reported to
be active in a number of biological systems. GC and silver ion
HPLC (Ag+-HPLC) have been the primary techniques for identify-
ing specific CLA isomers in both foods and biological extracts.
Recently, GC relative retention times were reported for all c,c, c/t
(c,t and t,c), and t,t CLA FAME from the 6,8- to the 13,15-posi-
tions in octadecadienoic acid (18:2). Presented here is the rela-
tive retention order of the same CLA FAME using Ag+-HPLC with
two different elution systems. The first elution system, consisting
of 0.1% acetonitrile/0.5% diethyl ether (DE) /hexane, has been
used previously to monitor CLA composition in foods. Also pre-
sented here is the retention order of CLA FAME using 2% acetic
acid/hexane elution solvent, which has advantages of more sta-
ble retention volumes and a complementary elution order of CLA
FAME isomers. The data are reported using retention volumes
(RV) adjusted for toluene, an estimator for dead volume, and rel-
ative to c9,t11-18:2. Measurement of relative RV in the analysis
of 88 samples of cow plasma, milk, and rumen fluids using Ag+-
HPLC is also presented here. The % CV ranged from 1.04 to 1.62
for t,t isomers and from 0 to 0.48 for c/t isomers. 

Paper no. L9281 in Lipids 40, 509–514 (May 2005).

Conjugated linoleic acid and CLA are terms used to describe
octadecadienoic (18:2) fatty acid(s) or ester(s) with two conju-
gated double bonds. Different double bond positions and geo-
metric configurations can create a large set of compounds with
similar structure but not necessarily similar chemical or bio-
logical properties. Twenty CLA isomers already have been re-
ported in food (1). GC separation, using the best capillary
columns that are currently available, typically elutes the CLA-
18:2 FAME in a small interval, ~3.5 min, of a 70-min run. In-
sufficient resolution is obtained by GC to identify or quantify
individual isomers. A typical Ag+-HPLC run of ~60 min will
spread the area of elution for CLA isomers to >30 min. The two
techniques, GC and Ag+-HPLC, are complementary and can
be used successfully for separation of virtually all the isomers
present in a test portion of a sample. 

A major problem with Ag+-HPLC is the retention volume
(RV) drift that occurs over time (2). This Ag+-HPLC technique,
which provides a wide separation of CLA isomers, is gaining
more acceptance but it is not yet in common use because the
nonreproducibility of RV makes the identification of peaks dif-
ficult. To simplify the interpretation of Ag+-HPLC chromato-
grams, we present here the application of relative retention vol-
umes (RRV) to the identification of CLA isomers. The mean
(µ), standard deviation (σ), and % CV (100 × σ/µ) are pre-
sented for the RRV of 88 sample extracts from cow plasma,
milk, and rumen fluid. Lack of knowledge concerning the chro-
matography of CLA FAME has been a point of concern in the
accurate identification of specific isomers. In many reports, re-
sponses occurring at the retention time of c9,t11-CLA have
been reported only as c9,t11-CLA even though, depending on
the relative quantities present, the isomers c6,t8-, t7,c9-, and
both c/t (c,t and t,c) 8,10-CLA give responses at this retention
time (3). The use of relative retention times (GC) or RRV
(HPLC), combined with the availability of reference materials
for all CLA isomers from 6,8 to 13,15, allows the development
of a basis for a more conservative approach to identification. 

EXPERIMENTAL PROCEDURES

A mixture of CLA FFA, CLA FAME, γ-linolenic acid (cis-6,
cis-9, cis-12-octadecatrienoic acid) and α-linolenic (cis-9, cis-
12, cis-15-octadecatrienoic acid) FAME were purchased from
Nu-Chek-Prep, Inc. (Elysian, MN). CLA isomers of known pu-
rity (c9,t11-, t10,c12-, c9,c11-, c11,t13-, and t9,t11-18:2) were
obtained as FFA from Matreya, Inc. (Pleasant Gap, PA). The
CLA isomers that were not commercially available were syn-
thesized as previously reported (4). FAME were prepared from
fat extracted from milk, plasma, and rumen fluid of dairy cows
as previously described (5). Acetonitrile (MeCN) and hexane
were UV grade. Diethyl ether (DE) was anhydrous. BF3 in
methanol was obtained from Supelco (Bellefonte, PA). Test
portions of FAME were dissolved in 0.5% toluene/hexane (or
isooctane) prior to chromatographic analysis. Normalization of
the chromatograms shown in this work was accomplished
using default functions of Microsoft® Excel (9.0 3821 SR-1)
(Microsoft Corp., Redmond, WA). Chromatograms were ex-
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ported from the acquisition software as the raw signals vs. time.
HPLC data were exported from Millenium (Waters Associates,
Milford, MA) as ASCII (ARW) files to Microsoft Excel. The
new chromatograms, in the relative scale, were obtained as X-
Y scatter plots of the signal vs. RRV. Column values were re-
calculated in the RRV scale using the following formula:

RRVa = (RVa − RVtol)/(RVc9,t11 − RVtol) [1]

where RRVa is the relative retention volume of a CLA isomer,
RVa is the retention volume of a CLA isomer, RVtol is the re-
tention volume of toluene, and RVc9,t11 is the retention volume
of the c9,t11-CLA. 

Analytical Ag+-HPLC. Ag+-HPLC separation of the CLA
FAME was carried out using a Waters 2960 chromatographic
system (Waters Associates), equipped with a photodiode array
detector (Waters 996) operating between 200 and 300 nm, and
a Millenium 3.20 chromatography manager. Three Chrom-
Spher 5 Lipids analytical silver-impregnated columns (each 4.6
mm i.d. × 250 mm stainless steel; 5 µm particle size;
Chrompack, Bridgewater, NJ) were used in series. The temper-
ature was maintained at 30°C. The first mobile phase, 0.1%
MeCN/0.5% DE/hexane, was prepared fresh daily and intro-
duced isocratically at a flow rate of 1.0 mL/min. The columns
were conditioned with 1% MeCN/hexane then equilibrated
with the elution solvent for 60 min each day prior to starting
test portion analysis. Typical injections, 1–10 µL, for milk,
plasma, or reference materials resulted in <100 µg FAME
being loaded onto the columns. For test portions of rumen

FAME, column loads of >>100 µg were used. Single chro-
matograms of CLA isomers were extracted at 233 nm. To ob-
tain the RRV values of all CLA isomers, iodine-isomerized
mixtures of positional CLA isomers (4) were co-injected with
a small amount of c9,t11-18:2 FAME and toluene. The second
mobile phase used was 2% acetic acid/hexane eluted at 1
mL/min. HPLC chromatograms were obtained using the same
three ChromSpher 5 Lipids analytical silver-impregnated
columns described above. Responses were measured using UV
detection at 233 nm. 

RESULTS AND DISCUSSION

We recently completed an exhaustive analysis of CLA isomers
in 88 samples of plasma, milk, and rumen fluid from dairy cows
(5). Ag+-HPLC chromatograms from that study, from plasma,
two samples of cow’s milk and CLA reference material (Nu-
Chek-Prep) are shown in Figure 1A–D, left side. As can be seen
in the figure, the retention volumes (shown as retention times in
the figures) shift for the elution of each isomer. The c9,t11 iso-
mer elutes over a range of several minutes. In most of the cases,
the rule that the c9,t11-isomer is the most abundant may be ap-
plied to CLA analysis by Ag+-HPLC, but in several other cases,
as shown in Figure 1, this rule does not apply. Chromatogram A
was obtained by injection of a plasma sample from a cow that
had been fed a diet supplemented with t10,c12-CLA. Our origi-
nal analysis of these samples involved many co-injections of
standard with samples to verify the identities. We discovered that
by using toluene as a reference to approximate the dead volume
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FIG. 1. Ag+-HPLC chromatograms. Time vs. response (233 nm) of FAME obtained from plasma
(A), milk fat (B, C), and Nu-Chek-Prep CLA (D). The corresponding graphs A′–D′ of the same
sample test portions plotting response vs. relative retention volumes (RRV) are shown on the
right. 



in the HPLC system, and c9,t11 as a retention reference, the
chromatographic data could be recalculated into a reproducible
format using a formula derived from standard chromatography
theory. The RRV was calculated as shown in the Experimental
Procedures section. By using this format, the chromatograms
were regenerated using Excel as shown in Figure 1A′–D′, but
these chromatograms are plotted as response vs. RRV. This ap-
plication of the RRV theory is based on the assumption that, for
the small variation in MeCN in hexane concentration occurring
during the analysis of a sample set, the change in composition of
the mobile phase will affect the elution of all of the CLA isomers
in the same way.

The reproducibility of RRV in sample data using a specific
chromatography system was established as shown in Table 1.
The % CV measured for the 88 samples was 1.04–1.62 for the
t,t isomers, and 0–0.47 for the c/t isomers. The precision was

better for the plasma and milk samples, as is seen from the
lower SD for these sample types in Table 1. A factor that leads
to higher RRV SD of CLA isomers in rumen samples is related
to critical (sample overload) chromatography conditions. CLA
FAME isomers were present at trace levels in all the methyl-
ated rumen samples we analyzed, and test portions loaded onto
the columns were increased to reach the detection limits of as
many CLA isomers as possible. Co-eluting cis monoenoic
FAME interfered with the CLA analysis of rumen test portions
under these extreme conditions, requiring UV (232 nm) confir-
mation for every identification. 

Ag+-HPLC chromatograms, transformed using Equation 1,
are presented in Figure 2. A small amount of c9,t11-CLA
FAME was added to every sample shown in Figure 2 to aid in
translating chromatograms to the RRV scale. A graphical rep-
resentation in Figure 3 further elucidates the RRV pattern. The
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TABLE 1
Relative Retention Volumes for CLA FAME from Cow Milk, Plasma, and Rumen Fluids

Milk Plasma Rumen Total

n µ σ n µ σ n µ σ n µ σ % CV

t12,t14 48 0.533 0.008 24 0.538 0.005 16 0.544 0.010 88 0.536 0.009 1.62
t11,t13 48 0.574 0.007 24 0.579 0.005 16 0.586 0.010 88 0.578 0.008 1.46
t10,t12 48 0.609 0.007 24 0.612 0.005 16 0.620 0.010 88 0.611 0.008 1.34
t9,t11 48 0.649 0.007 24 0.655 0.007 16 0.658 0.010 88 0.653 0.008 1.27
t8,t10 48 0.680 0.007 21 0.686 0.006 9 0.681 0.007 78 0.682 0.007 1.04
t7,t9 48 0.716 0.009 22 0.719 0.006 0 NAa NA 70 0.717 0.008 1.09
c11,t13 48 0.914 0.003 24 0.911 0.002 2 0.901 0.018 73 0.913 0.004 0.48
t11,c13 48 0.893 0.005 24 0.892 0.002 1 0.894 NA 73 0.893 0.004 0.44
t10,c12 48 0.957 0.003 24 0.956 0.001 16 0.958 0.003 88 0.957 0.003 0.27
c9,t11 48 1.000 0.000 24 1.000 0.000 16 1.000 0.000 88 1.000 0.000 0.00
t8,c10 48 1.059 0.002 24 1.060 0.003 0 NA NA 72 1.059 0.002 0.22
t7,c9 48 1.095 0.003 24 1.094 0.002 7 1.094 0.017 79 1.094 0.005 0.47
aNot applicable.

FIG. 2. Ag+-HPLC chromatograms using 0.1% acetonitrile (MeCN)/0.5% diethyl ether
(DE)/hexane elution, RRV vs. response (233 nm) of all geometric CLA isomers from the 6,8 to
the 13,15 carbon–carbon double bond positions. A small quantity of c9,t11 was added to each
positional mixture for reference.



RRV values of the t,t, c,t, and t,c isomers fit third-degree curves
with R2 greater than 0.99. The RRV values of the c,c isomers
fit a third-degree equation with R2 greater than 0.985. All four
curves show a similar pattern, with a maximum corresponding
to the 7,9 positional isomer, and an inflection point close to the
10,12 position. Isomers c10,t12 and t10,c12 have the same
RRV, and the c,t and t,c curves intersect at the 10,12 position.
For a given position, from 6,8 to 9,11 (all of these isomers elute

after the 10,12 c/t isomer), the RRV of the t,c isomer will be
higher than that of the corresponding positional c,t isomer. For
c/t isomers eluting before the c/t isomers of 10,12 (from 11,13
to 13,15), the c,t isomer will elute after the t,c isomer.

Chromatograms obtained using the second solvent system
presented here are shown in Figure 4. The set of the iodine-
isomerized solutions (4) containing all the positional isomers
from 6,8- to 13,15-18:2 are presented. Under these operating
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FIG. 3. Plot of RRV vs carbon-carbon double bond position for all geometric CLA isomers from
the 6,8 to the 13,15 carbon–carbon double bond positions (using 0.1% MeCN/0.5%
DE/hexane elution). For abbreviations see Figures 1 and 2. 

FIG. 4. Partial Ag+-HPLC chromatograms (RRV) of the iodine-isomerized solutions from each
CLA positional isomer from 6,8- to 13,15-18:2 as FAME. Chromatographic conditions: three
ChromSpher 5 Lipids columns in series maintained at 25°C, 2% HOAc in hexane mobile phase
at 1.0 mL/min, UV detection at 233 nm.



conditions there is no appreciable drift in RV, but the data are
presented as RRV for a direct comparison of the retention
order of CLA isomers eluted using either elution system. In
Figure 5, the RRV of all the CLA isomers shown in Figure 4
are plotted as a function of double bond position. The plot in
Figure 5 is similar to the plot in Figure 3 in that the c,t isomers
of positional compounds near the carbonyl moiety elute be-
fore the corresponding t,c isomers. The plots differ in that for
the 2% acetic acid/hexane mobile phase (Fig. 5) the position
at which c,t and t,c isomers have the same RV is near the 7,9
position compared with the 10,12 position for the mobile
phase containing MeCN (Fig. 3). The importance of this dif-
ference is emphasized by the separation of t10,c12- from
c10,t12-18:2 and the partial separation of the c6,t8 from the
c/t 7,9 isomers. 

RRT are commonly used in GC analysis, but the use of RRV
in HPLC analysis is less common. We believe that it is advan-
tageous to use both in the instance of CLA analysis. The use of
the c9,t11-CLA as a chromatographic reference in chromato-
graphic analysis makes the identification of other peaks con-
siderably easier, i.e., the analyst will know all the isomers that
elute at a given RRV. The precision obtained, shown in Table
1, suggests that the drift in RV is only due to a loss of MeCN in
the elution reservoir, and this is very consistent with the obser-
vation that adding more MeCN to the reservoir will re-estab-
lish the original RV. Column effects, particularly column tem-
perature, age, and the amount of silver loaded, may, however,
affect consistencies of RRV between different columns. Use of
RRT (4) and RRV (presented herein) data also allows a sub-
stantially improved understanding of the GC and Ag+-HPLC
chromatographic patterns of elution. The reproducibility of

RRV on a given column is excellent despite drifts in absolute
RV. 

The 2% acetic acid/hexane mobile phase produces a slightly
different but complementary pattern of elution for CLA FAME.
Its advantages include resolution of the two c/t 10,12 isomers
and partial resolution for the c6,t8 isomer from the t7,c9 iso-
mer. The disadvantages of this procedure are that it takes longer
for a chromatographic run, 100 vs 60 min, and that in using this
elution system it is not possible to use lower wavelengths, e.g.,
205 nm, to monitor the chromatogram for interfering
monoenoic (18:1) FAME that can interfere with CLA re-
sponses when present at a greatly elevated level.

The two Ag+-HPLC chromatographic techniques presented
here, along with GC data (4), complement each other quite
well, and these data demonstrate that use of relative retention
parameters allows for a more rapid initial identification. 

One observation that is clear from the Ag+-HPLC and GC
(4) chromatographic patterns is that the identification of the
c6,t8-18:2 CLA isomer, which is known (6) to be produced by
the desaturation of t8-18:1 by ∆6-desaturase, has been missed
by every laboratory that depended on only GC (equipped with
an FID) and Ag+-HPLC using an MeCN/hexane system for
their analysis.
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ABSTRACT: We have developed a sensitive reversed-phase
chemiluminescence HPLC approach for simultaneous quantita-
tive and qualitative analyses of hydroperoxides of cholesteryl
ester and TG in human plasma. Standard hydroperoxides of cho-
lesteryl ester and TG and a novel internal standard (1-tetradecanyl
3-octadecenoyloxy-5β-cholan-24-oate monohydroperoxide) (I.S.)
were chemically synthesized and the standard curves confirmed
to be linear throughout the calibration range (1–1000 pmol).
Within-day and between-day CV were less than 7%, and the re-
coveries were within the range of 84–93%. With sample size
minimized to 0.1 mL of plasma for each run, plasma cholesteryl
ester hydroperoxide levels were 189 ± 87 nM (mean ± SD) in
healthy young (22–25 yr old; n = 15, male/female = 6:9) and 210
± 69 nM in healthy elderly (39–60 yr old; n = 6, male/female =
3:3). TG hydroperoxide was not detected in healthy subjects. In
patients with advanced liver failure (36–67 yr old; n = 4, male/fe-
male = 2:2), hydroperoxide levels of plasma cholesteryl ester and
TG were 11,903 ± 9,553 nM and 3,318 ± 1,590 nM, respectively,
indicating an involvement of lipid oxidation. Sensitive and spe-
cific monitoring of plasma lipid peroxides using the present
chemiluminescence HPLC approach with the synthesized I.S.
may help our understanding of chemical and pathophysiological
aspects of lipid peroxidation. 

Paper no. L9714 in Lipids 40, 515–522 (May 2005).

Lipid peroxidation has been linked to atherosclerosis (1), in-
flammation (2), carcinogenesis (3), diabetes (4,5), aging (6),
and to a variety of other diseases, including nonalcoholic
steatohepatitis (7) and alcoholic fatty liver (8). Several HPLC
methods have been reported for the measurement of hydroper-
oxides of cholesteryl ester and TG in human plasma as lipid
peroxidation products, generally using fluorimetry (9–11) or
chemiluminescence methods with isoluminol (12–14). How-

ever, the cholesteryl ester hydroperoxide or TG hydroperoxide
used as standards in previous chemiluminescence or fluorimet-
ric methods was not well characterized in terms of their chemi-
cal structures (9–14). For instance, 1H NMR or 13C NMR spec-
tra were not provided. Although previous studies reported the
presence of cholesteryl ester hydroperoxides or TG hydroper-
oxides in plasma, only limited chemical information was given
(9–14). Further, storage conditions for standard hydroperox-
ides and sample plasma were not optimized (9–11) or clearly
described (12–14). We have in fact shown that a previously re-
ported storage condition for standard monohydroperoxide cho-
lesteryl linoleate at −25°C results in decomposition within a
few months (9). Furthermore, a matter of the greatest impor-
tance is that previous measurements were performed without
using any hydroperoxides as internal standard (12–14), and the
wide discrepancies found in plasma lipid peroxide levels can
be partly explained on this basis. It is widely recognized that
lipid hydroperoxides are chemically unstable and consequently
may be lost during analytical procedures. Moreover, detection
that is based on chemiluminescence can gradually deteriorate
during runs because of adhesion of unspecified plasma sub-
stances to the detector. The only solution for these problems is
to use an internal standard, which must be similar to plasma
lipid hydroperoxides in terms of not only extraction efficiency
and retention time but also chemical stability and chemilumi-
nescence efficiency. 

Here we report sensitive and specific reversed-phase chemi-
luminescence HPLC with luminol for simultaneous measure-
ment of hydroperoxides of cholesteryl ester and TG in human
plasma. The internal standard of hydroperoxide was synthe-
sized and its structure confirmed with reference to 1H NMR
and 13C NMR spectra and elemental analysis as well as chro-
matographic behavior. Validation of the assay and its applica-
tion to normal plasma and pathological plasma from patients
with liver failure are also described here.

MATERIALS AND METHODS

Materials. Oleic acid was purchased from Tokyo Kasei Kogyo
Co., Ltd. (Tokyo, Japan). N,N′-Dicyclohexylcarbodiimide
(DCC), 4-dimethylaminopyridine (4-DMAP), lithocholic acid,
oxalyl chloride, and cytochrome C (from horse heart) were
from Wako Pure Chemical Industry, Ltd. (Osaka, Japan). Ethyl
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acetate, n-hexane, and 2-propanol were also purchased from
Wako Pure Chemical Industry, Ltd. (Osaka, Japan). Dehy-
drated dichloromethane (CH2Cl2), 2,6-di-tert-butyl-p-cresol
(BHT), tert-butyl alcohol, methanol, ethanol, luminol, and
sodium borohydride (NaBH4) were from Kanto Chemical Co.,
Inc. (Tokyo, Japan). The solvents used for HPLC were all ana-
lytical grade. For column chromatography, Silica gel 60N
(100–120 µm, Kanto Chemical Co.) was used, with aluminum
sheets (Silica gel 60 F254; Merck Co., Darmstadt, Germany)
applied for TLC. 1H NMR spectra were taken with a JEOL
ECA 500 at 500 MHz with tetramethylsilane as an internal
standard (abbreviations used are s for singlet, d for doublet, dd
for doublets of doublet, t for triplet, sext for sextet, and m for
multiplet). 

Blood samples. For the measurements of hydroperoxides of
cholesteryl ester and TG, blood was drawn into vacuum tubes
containing disodium EDTA (1.5 mg/mL) after an overnight fast
from healthy young subjects (22–25, 23 ± 1.0, yr old; n = 15,
male/female = 6:9), healthy elderly (39–60, 50 ± 9.0, yr old; n
= 6, male/female = 3:3), and patients (36–67, 54 ± 14, yr old; n
= 4, male/female = 2:2) with liver failure due to cholangiocar-
cinoma (Cases 1 and 2), autoimmune liver cirrhosis (Case 3),
and metastatic hepatoma (Case 4). Plasma was separated by
centrifugation (2000 × g, 10 min, 4°C), and then stored at −
80°C for no longer than 3 mon. Serum was also obtained from
each blood sample and subjected to measurement of other
lipids. These samples were used under the approval of the in-
stitute and after obtaining informed consent from the volun-
teers and patients.

HPLC analysis. A normal-phase HPLC was performed with
the LC-10AD pump system equipped with an SCL-10A sys-
tem controller (Shimadzu Co., Kyoto, Japan), including a
CTO-10A injector and an SPD-10A UV-vis detector (Shi-
madzu Co.). The analytical column used for normal-phase
HPLC was a Mightysil Si 60 (4.6 × 250 mm, 5 µm; Kanto
Chemical Co.). The mobile phase was a mixture of n-hexane/2-
propanol (250:1, vol/vol). The flow rate was 1 mL/min, and the
temperature was ambient. The detection wavelength was 210
nm. 

Reversed-phase HPLC with detection at 210 nm and with
post-column chemiluminescence detection was also performed
using a system equipped with an SCL-6A system controller (Shi-
madzu Co.), three LC-9A pumps (Shimadzu Co.), a CTO-10A
injector, the SPD-10A UV-vis detector, and a CLD-10A chemi-
luminescence detector (Shimadzu Co.). The column used was an
Inertsil ODS-2 (4.6 × 250 mm, 5 µm; GL Sciences Inc., Tokyo,
Japan). The mobile phase was a mixture of ethanol/water (50:1,
vol/vol), and the flow rate was 0.5 mL/min. The column eluant
was mixed with luminescent reagent solution (0.5 mL/min) in a
post-column mixing joint at 40°C. 

Mobile solutions for both normal-phase HPLC and chemi-
luminescence HPLC were degassed by sonication under re-
duced pressure before use.The luminescent reagent consisted
of cytochrome C (10 µg/mL) and luminol (2 µg/mL) in 50 mM
borate buffer (H3BO3/KCl-Na2CO3, pH 10), and was also de-
gassed (15). The solutions were prepared daily.

Preparation of standard hydroperoxides. (i) Monohydroper-
oxides of cholesteryl linoleate and cholesteryl oleate. Choles-
teryl linoleate monohydroperoxide (CL-OOH) was chemically
synthesized by our method as previously reported (16). Sim-
ply, cholesteryl linoleate (4 mmol) and hematoporphyrin (6
mg) were dissolved in pyridine (20 mL) and irradiated with a
tungsten lamp (200 W) as O2 gas was bubbled through a glass-
ball filter for 1.0 h. The reaction mixture was extracted with di-
ethyl ether and the extract was washed with cold water, 2 M
HCl, and then dried over Na2SO4. The crude product was puri-
fied by a SiO2 column chromatography (hexane/ethyl acetate,
10:1, vol/vol) to give pure CL-OOH as a colorless viscous liq-
uid (a mixture of regioisomers). The structure of CL-OOH was
elucidated by 1H NMR, MS, and normal-phase HPLC (16). 

With this method, cholesteryl oleate monohydroperoxide
(CO-OOH) was also synthesized, and the structure was simi-
larly elucidated. 

(ii) TG monohydroperoxides. For measurement of TG hy-
droperoxides in human plasma, we synthesized three TG hy-
droperoxides: 1,2-dioleoyl-3-palmitoylglycerol monohy-
droperoxide (OOP-OOH), 2-linoleoyl-1-oleoyl-3-palmitoyl-
glycerol monohydroperoxide (OLP-OOH), and triolein mono-
hydroperoxide (OOO-OOH) by our previously described
method (17). Briefly, the three TG were prepared by using a
convenient, simple condensation of glycerol and correspond-
ing acid chlorides in pyridine, then converting them into their
monohydroperoxides by photosensitized peroxidation. The
structures of these three TG hydroperoxides were confirmed
by their 1H NMR and 13C NMR spectra and analyzed by nor-
mal and reversed-phase HPLC (17). 

(iii) Synthesis of the internal standard (I.S.). Synthesis of
the I.S. for the HPLC analysis of lipid peroxides was carried
out as shown in Figure 1. DCC (24 mmol) was added to an ice-
cooled, stirred solution of oleic acid (35 mmol) and 4-DMAP
(40 mg) in dichloromethane (50 mL) at 0°C, and the whole was
stirred for 10 min. Then lithocholic acid (1, 20 mmol) was
added to the solution in several portions. The reaction mixture
was stirred for 30 min at 0°C and then for 24 h at room temper-
ature. Precipitates were filtered off, and the filtrate was concen-
trated in a vacuum evaporator. The crude products were sub-
jected to SiO2 column chromatography by eluting with
n-hexane/ethyl acetate (8:1, vol/vol) to give 3-(9-cis-
octadecenoyloxy)-5β-cholan-24-oic acid (2) at a yield of about
80%. The obtained compound (2) was used for the next reac-
tion step without further purification. Compound 2 (10 mmol)
was dissolved in dichloromethane (50 mL) containing 1-
tetradecanol (10 mmol) and 4-DMAP (20 mg). Then DCC (12
mmol) was added to the ice-cooled, stirred solution followed
by stirring for 30 min at 0°C and then for 24 h at room temper-
ature. Precipitates were again filtered off, and the filtrate was
concentrated by vacuum evaporation. The oily residue was
then subjected to SiO2 column chromatography by eluting with
n-hexane/ethyl acetate (80:1, vol/vol) to give pure 1-tetra-
decanyl 3-(9-cis-octadecenoyloxy)-5β-cholan-24-oate (3) at a
yield of 80%. 1H NMR (CDC3), δ: 0.64 (3H, s, 18-CH3), 0.85
(3H, d, J = 6 Hz, 21-CH3), 0.90 (6H, t, J = 6.4 Hz, –CH2–CH3),
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0.93 (3H, s, 19-CH3), 2.26 (4H, m, –C=C–CH2–), 4.05, (4H, t,
J = 6.7Hz, –OCO–CH2–), 4.73 (1H, m, 3-H), 5.34 (2H, m,
–CH=CH–). Then the solution of compound 3 (2 mmol) in
pyridine (10 mL) containing hematoporphyrin (3 mg) was irra-
diated with a 200 W tungsten lamp for 1.5 h with bubbling of
O2 gas through a glass ball filter at 15°C. The reaction mixture
was poured into ice-water, acidified with 2 mol/L HCl, and ex-
tracted with peroxide-free diethyl ether twice. The combined
organic phase was washed with water and saturated sodium
chloride solution and then dried over Na2SO4. After evaporat-
ing the solvent, the residue was subjected to SiO2 column chro-
matography eluted with n-hexane/ethyl acetate (10:1, vol/vol)
to give monohydroperoxide (4) as a colorless, viscous liquid at
a yield of 30%. 1H NMR (CDC3), δ: 0.64 (3H, s, 18-CH3), 0.85
(3H, d, J = 6.4Hz, 21-CH3), 0.90 (6H, t, J = 6.4Hz,
–CH2–CH3), 0.93 (3H, s, 19-CH3), 2.26 (4H, m, –C=C–CH2–),
4.05, (4H, t, J = 6.7Hz, –OCO–CH2–), 4.26 (1H, m,
–C=C–CHOOH), 4.73 (1H, m, 3-H), 5.36 (1H, sext, J = 15.6
and 6.4 Hz, –CH2–CH=C–COOH), 5.76 (1H, dd, J = 15.6 and
8.4 Hz, –C=CH–CHOOH–). Anal. C: 77.37%, H: 11.60%;
Found, C: 77.27%, H: 11.42%. The purity of the compound 4
was checked by TLC and HPLC. In the TLC, no contamina-
tion was detected after development with several solvent sys-
tems (n-hexane/ethyl acetate, 8:1; n-hexane/acetone, 6:1; ben-
zene/acetone, 40:1, vol/vol), and spraying several color-pro-
ducing reagents (20% sulfuric acid, 10% phosphomolybdic
acid in ethanol, anisaldehyde-H2SO4 in acetic acid) and UV de-
tection (254 and 365 nm). The three Rƒ values of TLC for these
solvent systems were 0.375, 0.286. and 0.429, respectively. 

Extraction of plasma. For extraction, 0.1 mL of plasma from
a healthy human (0.01 mL plasma of subjects with liver fail-
ure) was mixed with 0.05 mL of I.S. solution (1 µM in etha-
nol), 0.2 mL of freshly prepared 0.2% BHT solution (as antiox-
idant, in methanol), and 2 mL of n-hexane. The mixture was

vigorously mixed with a vortex mixer for 1 min and then cen-
trifuged at 2,000 × g for 1 min at 4°C. The methanol layer was
discarded, while the upper phase (hexane layer) was collected
and evaporated under vacuum in a rotary evaporator at room
temperature. The residue was dissolved in 0.1mL of n-
hexane/ethyl acetate (6:1, by vol) containing 2.2 × 10−3% BHT
and then subjected to short refining column (8 × 50 mm, 1.3 g
of SiO2) chromatography and eluted with n-hexane/ethyl ace-
tate (6:1, vol/vol) containing 2.2 × 10−3% BHT. The column
was pre-washed with 20 mL of the above hexane/ethyl acetate
before applying the sample solution. The first 0.8 mL of solu-
tion eluted from the column was thrown away, and the follow-
ing 2.0 mL was collected and evaporated under vacuum. The
residue was dissolved in 0.05 mL of CH2Cl2/ethanol (1:1,
vol/vol), and the sample (0.02 mL) was injected into the chemi-
luminescence HPLC system. The chromatogram showed peak
counts for the known quantities of I.S. and unknown initial
plasma peroxides. In accordance with these data, the initial
plasma peroxide concentrations were calculated. 

Serum lipid measurements. Serum lipids were measured by
automated enzymatic methods, using commercial kits: Deter-
miner TC (Kyowa Medex Co., Tokyo, Japan) for total choles-
terol (TC); AutoSera S TG-N (Daiichi Pure Chemicals, Tokyo,
Japan) for TG; Determiner HDL-C (Kyowa Medex) for HDL-
cholesterol; Cholestest LDL (Daiichi Pure Chemicals) for
LDL-cholesterol.

Statistical analyses. All data are presented as means ± SD.
Differences between groups, namely, liver failure vs. healthy
elderly group (LF vs. Elder), liver failure vs. healthy young
group (LF vs. Young), and healthy young group vs. healthy
elderly group (Young vs. Elder) were assessed using the
Mann–Whitney U test. Statistical significance was concluded
at P < 0.05.

RESULTS

Synthesis of the I.S. To achieve a simultaneous quantitative de-
termination of cholesteryl ester hydroperoxides and TG, a suit-
able I.S. is necessary. We synthesized 1-tetradecanyl 3-octa-
decenoyloxy-5β-cholan-24-oate monohydroperoxide as a
convenient I.S. because of its stability and its desirable chro-
matographic behavior. Figure 1 shows the synthetic pathway.
The ester, 3, was prepared from lithocholic acid by the initial
esterification of oleic acid and the subsequent esterification
with tetradecanol using the well-known DCC method. The
monohydroperoxide, 4, was then derived by the method previ-
ously reported (16) and its chemical structure confirmed with
reference to the 1H NMR spectrum and elemental analysis. 

Purity of the I.S. was checked by normal-phase HPLC, re-
versed-phase HPLC, and reversed-phase HPLC with chemilu-
minescence detection. All peaks observed with the three chro-
matograms for I.S. were single and symmetric, and no contam-
ination was detected. The retention times were 7.9 min for
normal-phase HPLC, 19.9 min for reversed-phase HPLC, and
20.4 min for reversed-HPLC with chemiluminescence detec-
tion (data not shown). 
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FIG. 1. Synthesis of internal standard (I.S.) (1-tetradecanyl 3-octade-
cenoyloxy-5β-cholan-24-oate monohydroperoxide). DCC, N,N′-dicy-
clohexylcarbodiimide. 



HPLC analysis of synthesized standard monohydroperoxides.
Figure 2A shows a typical chromatogram in chemiluminescence
HPLC detection for a mixture of chemically synthesized stan-
dard OLP-OOH, CL-OOH, and the I.S. (each 50 pmol). All
peaks were symmetric and sufficiently resolved. The retention
times were 15.5 min for OLP-OOH, 18.2 min for CL-OOH, and
20.9 min for the I.S. The peak areas for CL-OOH and OLP-OOH
were larger than that for I.S. with the chemiluminescence sys-
tem, although the same amounts (50 pmol) were injected. The
relative sensitivities were 1.33 for CL-OOH to I.S., and 1.37 for
the OLP-OOH to I.S., and these were used to calculate the
amounts of CL-OOH and OLP-OOH in plasma.

Effects of the mobile phase. The effects of the solvent in the
mobile phase on the peak area of synthesized CL-OOH, OLP-
OOH, and I.S. (each 50 pmol) in the chemiluminescence HPLC
system were investigated with the flow rate of the mobile phase
set at 0.5 mL/min. Ethanol/water (50:1, vol/vol) gave the high-

est peak (Fig. 2A), but ethanol (Fig. 2B) and tert-butyl alco-
hol/methanol (1:1, vol/vol, Fig. 2C) gave 62 and 60% of the
peaks in Figure 2A, respectively. Hence we selected
ethanol/water (50:1, vol/vol) as the column eluant for the
chemiluminescence HPLC system. 

Effects of the flow rate of the mobile phase rate. The effects
of flow rate of mobile phase (ethanol/water, 50:1, vol/vol) on the
chemiluminescence counts for 50 pmol of chemically synthe-
sized OLP-OOH, CL-OOH, and I.S. were studied. We set the
reagent flow rate at 0.5 mL/min, and changed the flow rate of
ethanol/water (50:1, vol/vol). The flow rates of mobile phase in
the range 0.2–0.5 mL/min show gradually increasing chemilu-
minescence counts, but in the range 0.5–1.0 mL/min, show grad-
ually decreasing chemiluminescence counts. At the flow rate of
0.5 mL/min, OLP-OOH, CL-OOH, and I.S. showed the maxi-
mum chemiluminescence response. Therefore, the flow rate of
the mobile phase was set at 0.5 mL/min (data not shown). 

Calibration curves of CL-OOH and OLP-OOH. Two calibra-
tion curves of CL-OOH and OLP-OOH were obtained by com-
bination with the I.S. using the chemiluminescence HPLC sys-
tem. They were plotted as the peak area ratios of CL-OOH and
OLP-OOH to that of I.S. vs. the amounts of CL-OOH and OLP-
OOH and showed good linearity throughout the range 1–1000
pmol (CL-OOH, y = 0.1726x − 0.0958, r2 = 0.999; OLP-OOH, y
= 0.1778x − 0.0988, r2 = 0.9995; x = amounts of hydroperoxide;
y = peak area ratio to I.S.). Each datum is the average of three
determinations. These results allowed us to use the calibration
curves of either CL-OOH or OLP-OOH in these ranges for the
determination of hydroperoxides in human plasma. The detec-
tion limit for both CL-OOH and OLP-OOH was 0.5 pmol at a
signal-to-noise ratio of 6 (calibration curves not shown).

Precision and relative recoveries for CL-OOH and OLP-
OOH. For the determination of within-day and between-day pre-
cision, two defined, different amounts of CL-OOH and OLP-
OOH (50 and 200 nM) were analyzed five times on the same day
and once each on 10 different days, respectively. The results of
the precision experiments are summarized in Table 1. All within-
day and between-day CV were less than 7%. Table 1 also shows
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FIG. 2. Chromatograms of a mixture of OLP-OOH (50 pmol), CL-OOH
(50 pmol), and I.S. (50 pmol) by reversed-phase HPLC with chemilumi-
nescence detection. The mobile phase was ethanol/water (50:1, vol/vol)
for (A), ethanol for (B), and tert-butyl alcohol/methanol (1:1, vol/vol) for
(C). The mobile phase flow rate and the luminescent reagent rate were
both 0.5 mL/min. OLP-OOH, 2-linoleoyl-1-oleoyl-3-palmitoylglycerol
monohydroperoxide; CL-OOH, cholesteryl linoleate monohydroperox-
ide; for other abbreviation see Figure 1.

TABLE 1
Precision and Recoveries of Hydroperoxides Determination in Plasma

Found (nM)a Found (nM)b

(endogenous) (total)

Hydroperoxides Mean SD Added (nM) Mean SD CV (%) Recoveries (%)

CL-OOH
Within-day 128.3 6.6 50 171.8 9.5 5.5 87
(n = 5) 200 314.3 18.5 5.9 93

Between-day 125.5 8.2 50 167.5 11.2 6.7 84
(n = 10) 200 307.5 21.2 6.9 91

OLP-OOH
Within-day NDc 50 45.5 2.2 4.8 91
(n = 5) 200 186.0 10.8 5.8 93

Between-day ND 50 43.5 2.5 5.7 87
(n = 10) 200 172.0 10.2 5.9 86

aEndogenous concentration.
bTotal concentration of endogenous and added standards.
cNot detected; values were estimated as being under the detection limit. CL-OOH, cholesteryl linoleate monohydroperox-
ide; OLP-OOH, 2-linoleoyl-1-oleoyl-3-palmitoylglycerol monohydroperoxide.



recoveries relative to I.S. of CL-OOH and OLP-OOH added into
0.1 mL of plasma prior to extraction. At the concentrations of 50
and 200 nM of CL-OOH, they were within the range of 84–93%.
The recoveries at the concentration of 50 and 200 nM of OLP-
OOH were within the range of 86–93%. 

Storage condition. The I.S. and standard hydroperoxides of
cholesteryl ester and TG synthesized were found to be stable
for at least 3 mon at −80°C. We tested a storage condition of

−25°C, which was reported for storage of standard monohy-
droperoxide cholesteryl linoleate in the literature (9). We con-
firmed by TLC and normal-phase HPLC that this condition re-
sulted in decomposition, possibly owing to autoxidation, of the
standard monohydroperoxides into unspecified substances
within a few months (data not shown).

Qualitative analyses for hydroperoxides of cholesteryl ester
and TG in human plasma. Figure 3A shows the typical chemilu-
minescence HPLC chromatogram of a plasma sample from a
healthy volunteer, with two peaks observed. Peak 1 was assigned
to the added I.S. and peak 2 was presumed to be CL-OOH from
its retention time. Figure 3B shows the chemiluminescence
HPLC chromatogram of the plasma sample from the same
healthy volunteer spiked with synthesized CL-OOH. The height
and area of peak 2 on Figure 3B were enhanced compared with
that in Figure 3A, so peak 2 was assigned to CL-OOH. Further-
more, the above plasma sample was treated with NaBH4 and re-
analyzed by HPLC. As shown in Figure 3C, the peaks then com-
pletely disappeared, so that peak 2 in human plasma actually pos-
sesses a hydroperoxyl group in the molecule and can be
identified as CL-OOH. We did not observe any peaks for TG hy-
droperoxide in the plasma from healthy subjects. 

Figure 3D shows a chemiluminescence HPLC chromatogram
of a plasma sample from a patient with liver failure, in which
peaks 2 and 3 are evident. For their identification, we added syn-
thetic CL-OOH and OLP-OOH to the sample. As shown in Fig-
ure 3E, the peaks 2 and 3 completely overlapped those of the
added standards. These peaks also disappeared after treatment
with NaBH4 as above, as shown in Figure 3F. These results indi-
cated that they were also the derivatives of hydroperoxide. Other
lipid hydroperoxides, CO-OOH, OOP-OOH and OOO-OOH,
that were synthesized in our laboratory were also added to the
plasma sample from the patient with liver failure; however, the
retention times of the peaks of these synthetic hydroperoxides
did not agree with those of peaks 2 and 3.

Plasma lipid profiles of normal and liver failure subjects.
As shown in Table 2, significantly lower TC and higher TG
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FIG. 3. Chromatograms of human plasma extracts with chemilumines-
cence detection. (A) From a healthy subject; (B) from a healthy subject,
spiked with CL-OOH; (C) after reduction of the sample yielding (B) with
NaBH4; (D) from a case of liver failure; (E) from a case of liver failure,
spiked with CL-OOH and OLP-OOH; (F) after reduction of the sample
yielding (E) with NaBH4. The mobile phase was a mixture of
ethanol/water (50:1, vol/vol), and the flow rate was 0.5 mL/min. The lu-
minescent reagent rate was also 0.5 mL/min. For other abbreviations,
see Figure 2. 

TABLE 2
Plasma Lipid Profile in Normal Subjects and Patients with Liver Failurea

Age TC TG LDL-C HDL-C CE-OOH TG-OOH
Subjects (yr) (mg/dL) (mg/dL) (mg/dL) (mg/dL) (nM) (nM)

Liver failure (LF) 54 ± 14 105 ± 48 138 ± 33 70 ± 43 7 ± 2 11,903 ± 9,553 3,318 ± 1,590
(n = 4) (36–67) (82–169) (93–167) (25–128) (5–10) (1,912–24,900) (1,970–5,600)
Case 1 (male) 67 111 167 73 5 24,900 5,600
Case 2 (female) 61 58 134 25 6 1,912 1,970
Case 3 (female) 50 82 93 55 8 10,900 3,100
Case 4 (male) 36 169 157 128 10 9,900 2,600

Healthy elder 50 ± 9 201 ± 26 81 ± 32 105 ± 19 84 ± 18 210 ± 69 ND**
(n = 6, m:f = 3:3) (39–60) (162–236) (48–138) (86–139) (61–112) (107–289)

Healthy young 23 ± 1 163 ± 27 62 ± 22 84 ± 21 70 ± 16 189 ± 87 ND**
(n = 15, m:f = 6:9) (22–25) (109–212) (36–100) (35–114) (45–92) (63–332)

P (LF vs. elder) 0.5918 0.019* 0.033* 0.1356 0.0105* 0.0105* 0.0039*
P (LF vs. young) 0.0022* 0.0455* 0.0051* 0.2703 0.0027* 0.0027* <0.0001
P (young vs. elder) 0.0004* 0.0114* 0.2126 0.0793 0.1605 0.5334 >0.9999
aValues are means ± SD. *P < 0.05; **ND: not detected, and the values were considered under detection limit. TC, total cholesterol; LDL-C, LDL-
cholesterol; HDL-C, HDL-cholesterol; CE-OOH, cholesteryl ester monohydroperoxides; TG-OOH, triglyceride monohydroperoxides.



concentrations in serum were observed in the patients with
liver failure in comparison with both healthy young and elderly
groups. The very low HDL-cholesterol concentrations in the
patients with liver failure well reflected their severe loss of liver
functions. Serum TC concentrations in the healthy elderly
group were significantly higher than those in the healthy young
group. Serum LDL-cholesterol concentrations did not signifi-
cantly differ among the three groups. 

All four patients with liver failure showed a striking increase
of cholesteryl ester monohydroperoxides in plasma (11,903 ±
9,553 nM, mean ± SD, range: 1,912–24,900 nM) in compari-
son with the two healthy groups (210 ± 69 nM, 107–289 nM
for the elderly, and 189 ± 87 nM, 63–332 nM for the young).
No statistically significant difference was observed in plasma
concentrations of cholesteryl ester monohydroperoxide be-
tween the healthy elderly and young groups. TG monohy-
droperoxide was undetectable in plasma from all subjects in
the healthy elder and healthy young groups. On the other hand,
marked increase (3,318 ± 1,590 nM, 1,970–5,600 nM) was ob-
served in all patients with liver failure.

DISCUSSION

In the present study we chemically synthesized CL-OOH and
CO-OOH as standard cholesteryl ester hydroperoxides, since
their precursors (CL, CO) are reported to be major cholesteryl
esters in human plasma, accounting for 51 and 23%, respec-
tively, of the total (18,19). In our previous report, synthetic CL-
OOH was shown to be composed of regioisomers with the hy-
droperoxy group at 9-, 10-, 12-, and 13-positions of the FA
chain, and these four isomers could be separated by normal-
phase HPLC (16). However, in the present reversed-phase
HPLC system with chemiluminescence detection, all four iso-
mers eluted in a single peak, facilitating comparisons. Peak 2
in Figure 3A was assigned to CL-OOH, since its retention time
was identical to that of the synthetic CL-OOH but not to that
of the synthetic CO-OOH (16). This strongly suggests that CL-
OOH is a predominant hydroperoxide of cholesteryl ester in
human plasma.

For the measurement of plasma TG hydroperoxides, previ-
ous studies used trilinolein hydroperoxide as the standard
(9,10,12). However, since trilinolein was reported to be absent
in human plasma by Kuksis et al. (18,19) and by Ruíz-Gutiér-
rez et al. (20), the observed hydroperoxide peak by an HPLC
study may not have been trilinolein hydroperoxide. To be able
to assign each TG hydroperoxide in plasma, we need TG hy-
droperoxide standards and an HPLC system to separate them
effectively. The major TG in human VLDL, which is the major
plasma lipoprotein species containing TG as the preponderant
lipid, are reported to be 1,2-dioleoyl-3-palmitoylglycerol
(OOP, 32.8%), 2-linoleoyl-1-oleoyl-3-palmitoylglycerol (OLP,
22.3%,) and triolein (OOO, 12.2%) in healthy young men (20).
Ruíz-Gutiérrez et al. (21) have reported a similar TG composi-
tion for human adipose tissue. From these studies, monohy-
droperoxides of the three major TG might be expected to be
suitable standards and thus were initially synthesized in our

previous study (17) and their structures confirmed with refer-
ence to chromatographic behavior, 1H NMR, 13C NMR, and
mass spectra. The results of normal-phase HPLC analysis
showed the monohydroperoxides to be mixtures of regioiso-
mers. Six peaks in the chromatogram of OLP-OOH corre-
sponded to the isomers with a hydroperoxy group at 9-, 10-,
12-, or 13-position on the linoleoyl side chain and at 9- or 10-
position on the oleoyl side chain. In the reversed-phase HPLC,
however, the regioisomers of synthetic OLP-OOH eluted in a
single peak, again advantageous for sensitive and simple mea-
surement of TG hydroperoxides (17). 

The presence of TG hydroperoxides in plasma has not been
confirmed in previous studies. Akasaka et al. (9) reported de-
tection in normal plasma stored at −30°C but not in fresh
plasma, suggesting accumulation of TG hydroperoxides during
storage. In a recent report of a structural analysis of oxidized
TG in human and porcine lipoproteins by an HPLC-electro-
spray ionization-MS method, no hydroperoxides were de-
tected, whereas the presence of ketones, epoxides, aldehydes,
and hydroxides was confirmed (22,23). 

In our present study, peak 3 (Fig. 3D) for a patient with liver
failure was assigned to OLP-OOH based on the retention time.
On the other hand, synthetic OOO-OOH and POO-OOH were
confirmed to have retention times distinct from that for peak 3
(data not shown). Further, no peak comparable to the peak 3
was detectable in normal plasma (Fig. 3A), strongly suggest-
ing that selective accumulation of OLP-OOH in plasma occurs
with liver failure. OLP, reported to account for 22.3% of total
TG in plasma, was lower than the 32.8% for OOP (20), which
favors an interpretation of higher susceptibility to oxidation of
linoleic acid than oleic acid. To our knowledge, this is the first
report to identify TG hydroperoxides in human plasma as OLP-
OOH.

Using the present method, we found plasma levels of cho-
lesteryl ester hydroperoxide to be 210 ± 69 nM (mean ± SD, n
= 6) in healthy elderly and 189 ± 87 (n = 15) in healthy young.
In previous chemiluminescence HPLC methods, variable cho-
lesteryl ester hydroperoxide levels were reported. For instance,
Yamamoto et al. described the level of cholesteryl ester hy-
droperoxides in healthy human plasma to be 317 ± 2.0 (n = 3),
3.4 ± 2.0 (n = 23), and 8.0 ± 4.5 nM (n = 9) in their three dif-
ferent studies (12,14,24) with chemiluminescence assays. Al-
though the reason for the discrepancy was not specified by the
authors (24), it is likely that the lack of an I.S. contributed. We
have observed significantly decreased detection counts during
sequential sample injections in our HPLC system, which can
be best explained by adhesion of unspecified substances in
plasma to the flow cell, since the detection can be restored after
washing the flow system. 

Akasaka et al. (9) reported the level of cholesteryl ester hy-
droperoxides in fresh human plasma to be 24.5 ± 9.6 nM (n =
15) by a fluorometric HPLC method, a value lower than ours.
They used a nonhydroperoxide compound as I.S. and then de-
tected this and cholesteryl ester hydroperoxides, respectively,
using UV and fluorimetric detectors. Here, we used a hydroper-
oxide, and detected both our I.S. and lipid hydroperoxides by

520 METHODS

Lipids, Vol. 40, no. 5 (2005)



chemiluminescence. Moreover, as anticoagulant, they used
heparin, which has no antioxidant action, whereas the EDTA
used in our method is an effective antioxidant. Thus, the theo-
retical superiority of our method appears clear.

In the present study, we chemically synthesized the novel
hydroperoxide of the ester composed of oleic acid, lithocholic
acid, and tetradecanol, namely, 1-tetradecanyl 3-octadecenoy-
loxy-5β-cholan-24-oate monohydroperoxide for use as the I.S.
for the first time. This compound has a number of virtues for
the measurement of lipid hydroperoxides by chemilumines-
cence HPLC. First, it is relatively stable, which presumably is
attributable to the stability of the monohydroperoxide of oleic
acid, in line with our previous observation that CO-OOH is
more stable than CL-OOH (16). Furthermore, the ratio of
chemiluminescence intensities of the targeted lipid hydroper-
oxides and the I.S. is about 1.3 and constant throughout the
range, which also contributes to good accuracy and precision
with our HPLC system. Finally, two regioisomers (the 9- and
10-isomers) are included in the I.S., but they elute in a single
peak on chemiluminescence HPLC, preventing interference
with other substances and increasing sensitivity. The validation
data showed good within-day and between-day reproducibility
for the tested two hydroperoxides, with CV of less than 7% and
recoveries between 84 and 93%. Thus, our chemiluminescence
HPLC system allowed simultaneous measurements at picomo-
lar to nanomolar levels of hydroperoxides of cholesteryl ester
and TG in human plasma (Fig. 3A, B, D, E).

Since TG hydroperoxide was not detectable in plasma from
normal persons, as previously reported by Yamamoto et al.
(12), we tested whether any pathological condition might be
associated with the appearance of TG hydroperoxide in plasma.
For the first time, a striking increase of TG hydroperoxide was
confirmed in all four patients with liver failure, without excep-
tion, whereas the compound was not detectable in any of 21
normal subjects (Table 2). Although the number of studied pa-
tients has not reached a statistically significant level, this find-
ing not only indicates that our method for measuring lipid hy-
droperoxides is reliable but also suggests that a severe lipid ox-
idation process is involved in advanced liver disease.
Accordingly, elevation of phospholipid hydroperoxides in
plasma of patients with cirrhosis and hepatocellular carcinoma
has been reported in the literature, suggesting the presence of
increased oxidative stress in advanced liver disease (4). In our
method, phospholipid hydroperoxides did not appear in the
chromatogram, because they are more polar than the hydroper-
oxides of cholesteryl ester and TG and therefore should be ex-
tracted in the methanol phase to be discarded.

Additionally, cholesterol hydroperoxides have been re-
ported to increase in lipid extracts from alcoholic fatty liver (8).
In our previous study, we reported the occurrence of hydroper-
oxidation not only in the olefinic parts of FA chains but also in
the sterol ring during the photosensitization of synthetic cho-
lesteryl esters (16). The structures of the hydroperoxides were
identified as 5-hydroperoxy- and 7-hydroperoxy-cholest-6-en-
3-ol esters, according to their 1H NMR spectra. In our reversed-
phase system, these hydroperoxides showed retention times

distinct from those of cholesteryl ester hydroperoxides carry-
ing the hydroperoxy group in the FA chain (data not shown).
Further, the formation of hydroperoxides at the sterol moiety
was much slower than that at the FA chains, when synthetic
cholesteryl esters were photosensitized (16). Hence, choles-
teryl ester hydroperoxides carrying a hydroperoxy group only
at the sterol ring are unlikely to occupy a major component in
plasma. 

As for a mechanism leading to the accumulation of oxidized
lipids in plasma from patients with liver failure, some explana-
tions seem possible. HDL is known to carry cholesteryl ester
hydroperoxides to the liver where such oxidized lipids are
detoxified effectively. Interestingly, LDL-associated choles-
teryl ester hydroperoxides are neither removed nor detoxified
in the liver (25). In this context, the extremely low levels of
HDL in our patients might play a central role in the disruption
of this salvaging system. Regarding the accumulation of TG
hydroperoxides, Nagasaka et al. (26) have reported that in pa-
tients with progressive familial intrahepatic cholestasis, LDL
particles were enriched with TG and were highly capable of
transforming macrophages into foam cells, indicating the na-
ture of this lipoprotein as an oxidized LDL species. Retarded
hepatic clearance of LDL, predicted from both the suppressed
LDL receptor expression and the modified physicochemical
nature of LDL, has been proposed as a possible explanation by
the authors. Further, we would like to stress a potential role of
the failed bile excretion system in the accumulation of TG-rich
oxidized LDL species in severe cholestasis. It is well known
that free cholesterol and phospholipids are major components
of bile. Supposing that oxidized lipids also are excreted into
bile, the lack of bile formation and excretion commonly seen
in the liver failure may result in the accumulation of oxidized
lipids in the liver and blood. Additionally, ischemia, inflamma-
tion, and the loss of antioxidants in the failing liver could also
be involved in this process. 

Finally, the striking elevation of TG hydroperoxides in liver
failure might suggest its potential as a specific clinical marker
that could help in diagnosis, evaluation of severity, and moni-
toring of the effects of treatments in liver diseases. 
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ABSTRACT: This paper discusses a rapid GC-FID technique for
the simultaneous quantitative analysis of FFA, MAG, DAG, TAG,
sterols, and squalene in vegetable oils, with special reference to
palm oil. The FFA content determined had a lower SE compared
with a conventional titrimetric method. Squalene and individual
sterols, consisting of β-sitosterol, stigmasterol, campesterol, and
cholesterol, were accurately quantified without any losses. This
was achieved through elimination of tedious conventional sam-
ple pretreatments, such as saponification and preparative TLC.
With this technique, the separation of individual MAG, consist-
ing of 16:0, 18:0, and 18:1 FA, and the DAG species, consisting
of the 1,2(2,3)- and 1,3-positions, was sufficient to enable their
quantification. This technique enabled the TAG to be determined
according to their carbon numbers in the range of C44 to C56.
Comparisons were made with conventional methods, and the re-
sults were in good agreement with those reported in the litera-
ture. 

Paper no. L9664 in Lipids 40, 523–528 (May 2005).

Palm oil is one of the major oils consumed worldwide. Com-
mercial palm oil is derived from the mesocarp of the Elaeis
guineensis. Crude palm oil (CPO) consists of >90% TAG,
5.3–7.7% DAG, 0.21–0.34% MAG, 2.4–4.5% FFA, and 1%
minor components such as carotenes, tocopherols and to-
cotrienols, sterols, and squalene (1,2). Analyzing these compo-
nents using a single method is a challenging task as the compo-
nents have a wide range of M.W., ranging from 200 to 1000
amu (e.g., FFA <300 amu, and TAG >800 amu). The analysis
and quantification of these components generally require some
pretreatment, which involves extensive work and the use of
chemicals, as each component must be treated differently. A
separate analytical method is required for each compound
class.

The amount of FFA is an indicator of the quality of oils and
fats. In practice, the FFA content in palm oil and its products is

determined using an established method reported in Palm Oil
Research Institute of Malaysia (PORIM) Test Methods (3). The
method involves titration with the use of phenolphthalein as
the indicator. However, CPO contains 500–700 ppm (2) of
carotenes, which impart an orange-red color that obscures the
color change of the indicator.

Sterols are the major portion of unsaponifiable matter in
vegetable oils. The official method proposed by European
Union legislation is based on the separation of the sterols frac-
tion by silica gel chromatography (4). This method for the
quantification of sterols also has been reported previously (5).
The prevalent technique for quantifying squalene is also car-
ried out using this method, followed by chromatographic sepa-
ration. As reported by Moreda et al. (6), these methods are la-
borious and time-consuming, with a significant loss of squa-
lene.

Partial acylglycerols (MAG and DAG) are important con-
stituents in palm oil. They are the hydrolysis products of TAG
in the oil, which will affect the physical properties of the oil.
The presence of partial acylglycerols (MAG and DAG) in edi-
ble oils can cause cloudiness in the oil even though its total
concentration is <10%. The DAG profile, i.e., the nature and
concentration of DAG in the oil, enables the nucleation process
in palm oil to be predicted (7). The nucleation process is the
precursor to crystallization and the precipitation of DAG in the
oil. Thus, the content of acylglycerols is an important determi-
nant of oil quality.

The MAG, DAG, and TAG are typically determined using
AOCS Recommended Practice Cd 11c–93 (8) with the exten-
sive use of chemicals and solvents. The technique is time-con-
suming and requires a verification step using TLC. The only
drawback to the method is the co-elution of FFA in the TAG
and DAG fractions, which is not ideal for samples with a high
FFA content. Other reported methods include the determina-
tion of TAG using GC-FID (9,10), silver-ion HPLC with FID
(11), HPLC coupled with ELSD, UV-vis spectrophotometry,
and refractive index detectors (12). 

Three other AOCS Official Methods that use high-tempera-
ture GC to analyze MAG and DAG (Cd-11b-91) (13), tocoph-
erols and sterols (Ce 3-74) (14), and TAG (Ce 5-86) (15) are
widely accepted, with their own specificities of the targeted
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compounds. Thus, efforts have been made to determine the
acyglycerols that are normally present in bulk quantity and the
minor components, such as sterols and squalene, simultane-
ously at the ppm level in a single GC injection.

In recent years, supercritical fluid chromatography (SFC)
has been exploited in the analysis of lipids especially to quan-
tify high-M.W. TAG (16–18). Although SFC has relatively few
practical applications, this technique has unique advantages
where relatively low column temperatures will prevent the
degradation of heat-sensitive components and using carbon
dioxide will permit the use of an FID.

This paper reports a rapid technique for the quantitative de-
termination of a mixture of FFA, acylglycerols, sterols, and
squalene in a single GC-FID injection of vegetable oils, with
special reference to palm oil. It is a simplified method for ana-
lyzing sterols and squalene that has the possibility of replacing
conventional sample preparation steps for routine sample
analysis. This method has been tested for about 3 years in the
Palm Diesel Quality Control Laboratory of the MPOB for nu-
merous analyses of oil samples.

EXPERIMENTAL PROCEDURES

Materials. CPO was obtained from the MPOB Experimental
Palm Oil Mill in Labu, Negeri Sembilan, Malaysia.

Standard and chemical reagents. Myristic acid (14:0),
palmitic acid (16:0), stearic acid (18:0), and oleic acid (18:1);
monopalmitin, monostearin, and monoolein; 1,2- and 1,3-di-
palmitin, 1,2- and 1,3-distearin, and 1,2- and 1,3-diolein; tri-
palmitin and squalene, with a purity of 99%; and β-sitosterol
(95%), campesterol (98%), stigmasterol (95%), and cholesterol
(99%) were purchased from Sigma Aldrich Inc. (St. Louis,
MO). The silylating reagent N,O-bis(trimethylsilyl) trifluoroac-
etamide with 1% trimethylchlorosilane (BSTFA) was pur-
chased from Fluka Chemicals (Buchs, Switzerland). A TLC
plate coated with silica gel 60 F254 (20 × 20 cm; Merck
1.05715.0001) was purchased from Merck (Darmstadt, Ger-
many). All solvents were purchased from Merck and were of
chromatographic or analytical grade.

FFA titration. The titration of FFA was carried out using a
PORIM Test Method (3). A 5.0-g quantity of oil was weighed
accurately into a 250-mL conical flask. Then 50 mL of neutral-
ized 2-propanol was added. The flask was placed on a hot plate
and the temperature was regulated to about 40°C. The sample
was swirled gently while titrating with a standardized sodium
hydroxide solution, using phenolphthalein as the indicator to
the first permanent pink color. The color had to persist for 30 s.

Saponification (19). Oil (5.0 g) was saponified with 30 mL
of absolute ethanol and 5 mL of aqueous potassium hydroxide
(50%) for 1 h. The unsaponifiable matter was extracted five
times with 30 mL of n-hexane. The combined extract was
washed repeatedly with 100 mL of distilled water/ethanol
(90:10, vol/vol) to neutralize the excess hydroxide. The solu-
tion was dried with anhydrous sodium sulfate. The solvent was
removed by evaporation under reduced pressure. 

TLC (20). The unsaponifiable fraction was subjected to
preparative TLC with an eluting solvent system of chloro-

form/diethyl ether/acetic acid (99:5:1, by vol). After the plate
was dried, the components were identified by iodine vapor
using cholesterol and squalene as standard reference materials.
The components were scraped off and extracted three times
with 30 mL of n-hexane. The solvent was removed by evapo-
ration under reduced pressure. The samples were injected into
the gas chromatograph-FID (6). 

GC. A 0.02 g quantity of sample was weighed accurately
into a 2-mL GC vial. Then 1.2 mL of dichloromethane and 0.3
mL of the silylating reagent BSTFA were pipetted into the vial.
The vial was capped tightly and heated at 60°C for 2 h. The in-
strument used was a Hewlett-Packard Series II gas chromato-
graph, model 5890 (Hewlett-Packard, Avondale, PA), equipped
with an FID and an on-column injector. A BPX 5 fused-silica
capillary column (15 m × 0.32 mm), coated with 5%
phenyl/95% polysilphenyl-siloxane, with a film thickness of
0.25 µm (SGE, Austin, TX), was used. GC conditions were as
follows: injector temperature, 45°C; detector temperature,
370°C; initial oven temperature, 100°C; initial holding time, 1
min; ramping rate, 10°C/min; final temperature, 360°C; final
holding time, 16 min; carrier gas (He) flow rate, 2 cm3/min;
column pressure, 14.5 psi; injection volume, 1 mL. Quantifica-
tion of the components was performed using a 5-point external
standard calibration assay, with R2 values of >0.9900.

RESULTS AND DISCUSSION

A typical gas chromatogram of derivatized CPO obtained using
the rapid GC-FID technique is shown in Figure 1. The deriva-
tization procedure prior to GC injection is an essential step in
oils and fats analysis as it reduces the elution temperature of
MAG, DAG, and especially TAG. It also enhances the re-
sponse signal of the derivatized compound, which indirectly
increases the sensitivity of the FID detector. The elution order
of the components begins with FFA (9.0–15.0 min), MAG
(15.5–17.0 min), squalene (17.2 min), free sterols (19.0–20.5
min), DAG (22.5–25.5 min), and TAG (28.0–38.0 min). Good
resolutions of FFA, MAG, and DAG were achieved, as shown
in enlargements of the chromatogram in Figure 2.

Determination of FFA. Table 1 depicts the percentage of
FFA in CPO determined using the GC technique and the con-
ventional titration method. Each determination was carried out
in triplicate. We found that both techniques gave comparable
results of about 4% FFA in the CPO samples. However, the SE
of <1.0% calculated using this rapid technique was much
smaller than that of the conventional titration technique of
3.0–5.0%. The smaller SE shows the increased precision in
quantifying FFA in CPO. The GC technique overcomes the
problem of determining the end point in the titration method,
especially for palm oil, which has a high amount of red color
pigments such as carotenes. In addition, this method provides a
detailed analysis of individual FA.

Determination of sterols. With the use of the rapid GC tech-
nique, the individual sterols were separated and detected in the
oil matrix without subjecting the oil to the conventional sam-
ple preparation method of (i) saponification of the sample (ii)
isolation of the sterols fraction via TLC, (iii) derivatization of
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the recovered sterols, and (iv) GC analysis (20). The enlarged
chromatogram (Fig. 3) shows a good separation of free sterols
with little interference from the tocopherols and tocotrienols.
However, a consistent repeatability of results was not obtained
for the tocopherols and tocotrienols because these heat-sensi-
tive compounds degraded during derivatization and because of
the high-temperature oven programming. Other minor sterols
such as ∆5-avenasterol, ∆7-stigmasterol, ∆7-avenasterol, di-
methylsterols, and methylsterols contributed to less than 10%
of the total sterols (2). Table 2 shows the comparison of results
obtained for selected individual sterols (%) in CPO using the
rapid GC technique and the conventional method. The total
concentration of sterols determined in the present study is con-
sistent with the results reported by Tang (21). In addition, the
percentage of individual sterols found is supported by data re-
ported by Jalani and Rajanaidu (22). We observed that both
techniques gave similar percentages of individual sterols. The
absolute concentration of sterols found using the rapid GC-FID

method was slightly higher, which may be attributed to some
losses during conventional sample preparation steps, such as
saponification and TLC isolation.

Determination of squalene. The plant sources that contain
squalene are palm oil and olive oil. Palm oil has been reported
to contain 200–500 ppm squalene (2). The rapid GC technique
was able to detect squalene in both crude and refined palm oil.
The squalene content in CPO was determined to be 433 ± 3

METHODS 525

Lipids, Vol. 40, no. 5 (2005)

FIG. 1. A typical chromatogram of crude palm oil using the rapid GC-FID method.

FIG. 2. Enlarged chromatogram of FFA, MAG, and DAG of Crude Palm Oil using the rapid
GC-FID method. (a) Monopalmitin at the 1- or 2-position; (a’) monostearin at the 1- or 2-posi-
tion; (a’’) monoolein at the 1- or 2-position; (b) 1,2(2,3)-C32 DAG; (b’) 1,3-C32 DAG; (c)
1,2(2,3)-C34 DAG; (c’) 1,3-C34 DAG; (d) 1,2(2,3)-C36 DAG; (d’) 1,3-C36 DAG. 

TABLE 1
Comparison of FFA in Crude Palm Oil (CPO) by the Rapid GC
and Conventional Titration Methods

FFA (%)
Sample Rapid GC method Conventional titration

CPO 1 4.47 ± 0.01 4.00 ± 0.12
CPO 2 4.32 ± 0.02 4.00 ± 0.17
CPO 3 4.29 ± 0.04 4.28 ± 0.12
CPO 4 4.49 ± 0.02 4.35 ± 0.22



ppm using the rapid technique and 410 ± 4 ppm using the con-
ventional method. The squalene content in refined, bleached,
and deodorized palm olein was found to be 415 ± 5 ppm using
the rapid technique and 395 ± 3 ppm using the conventional
method. The results fell within the concentration range reported
earlier (23). Squalene, a highly unsaturated hydrocarbon, may
have been partially destroyed during the saponification step,
and losses may have occurred during sample isolation by TLC,
thus reducing the overall concentration of the compound as
compared with the rapid GC technique. The higher recovery
ensured greater accuracy in the analysis. 

Determination of acylglycerols. The content of MAG was
relatively low in CPO, <0.3% (1). However, the level of DAG
is known to be exceptionally high in CPO compared with other
oils (24). Table 3 shows the content of acylglycerols in CPO
determined using the rapid GC-FID method. The content of

partial acylglycerols found in the present study is in agreement
with that observed by Goh and Timms (1), with average con-
centrations of 0.10 and 3.90% for MAG and DAG, respec-
tively. The FA composition of the MAG obtained in the pres-
ent study showed a slight deviation for 18:0 as compared with
that found by George and Arumughan (25) (Table 4). The ratio
of saturated to unsaturated FA in MAG was 1:1, which was
close to data reported previously (25). A detailed analysis of
1,2(2,3)- and 1,3-DAG could also be performed using the rapid
method. We found from the present study that the 1,3-isomer
predominated over the 1,2(2,3)-isomers at a ratio of 1.7:1
(Table 5). These results support those of Goh and Timms (1),
who found a ratio of about 2:1, as well as those of Siew and Ng
(7), who found a ratio of 2.3:1.

The successful separation and identification of the TAG
composition in CPO by carbon number was demonstrated
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FIG. 3. Enlarged chromatogram of free sterols, tocopherols, and tocotrienols in crude palm oil
using the rapid GC-FID method.

TABLE 2
Comparison of Selected Sterols in Crude Palm Oil by the Rapid GC
and Conventional Methods

Composition (%)

Component Retention time (min) Rapid GC method Conventional method

β-Sitosterol 20.453 60.93 ± 0.22 60.51 ± 0.78
Campesterol 20.095 24.50 ± 0.18 24.25 ± 0.33
Stigmasterol 19.955 12.56 ± 0.43 11.50 ± 0.55
Cholesterol 19.390 2.01 ± 0.13 3.74 ± 0.10

TABLE 3
Composition of MAG, DAG, and TAG in Crude Palm Oil (CPO) by the Rapid GC Method

Composition (%)

Sample MAG DAG TAG

CPO 1 0.10 ± 0.011 3.72 ± 0.13 91.72 ± 0.18
CPO 2 0.11 ± 0.007 3.95 ± 0.15 91.62 ± 0.22
CPO 3 0.08 ± 0.006 3.71 ± 0.11 91.92 ± 0.15
CPO 4 0.12 ± 0.010 4.20 ± 0.16 91.18 ± 0.19



using the rapid GC method in the present study (Table 6). The
composition of TAG in terms of carbon number is one of the
important parameters that characterizes palm oil, with the
major TAG being C50 and C52. TAG defines some physical
characteristics of palm oil such as its m.p. and crystallization
properties. As can be seen, the data obtained in the present
study are similar to those reported previously (21). The com-
position of TAG in palm olein and palm stearin obtained by dry
fractionation was distinctive and differed significantly by the
C48 TAG (26). With the rapid GC technique, compositional
changes in TAG during the fractionation process can be moni-
tored.

The rapid GC-FID method described in this report provided
valuable information about the composition of oils; it required
minimal analysis time and eliminated the need for saponifica-
tion and TLC isolation of the minor components. The repeata-
bility of the developed method for analyzing a mixture of FFA,
sterols, squalene, and acylglycerols illustrates its use as a fast,
quantitative technique for the analysis of vegetable oils.
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ABSTRACT: The goal of this study was to examine the FA com-
position of wild and farmed Atlantic salmon (AS) and rainbow
trout (RT). FA profiles were obtained by GC/FID. Results showed
that lipid and n-3 highly unsaturated FA contents of farmed and
wild AS were similar. Total n-3 and n-6 PUFA were significantly
higher in farmed AS than in wild AS. Farmed RT contained more
fat and less n-3 PUFA than wild RT. Our results show that farmed
salmonids provide high levels of n-3 HUFA to consumers. 

Paper no. L9633 in Lipids 40, 529–531 (May 2005).

Public interest in the health benefits of long-chain n-3 FA is in-
creasing because numerous studies report that a diet rich in fish
protects against chronic diseases such as coronary heart disease
(CHD) (1). Hence, it is recommended to consume at least two
meals of fish, preferably oily, per week (1). 

However, wild fish is a finite resource. The increase in de-
mand for fish products over the past two decades has been met
by aquaculture production. Given the increasing role of aqua-
culture in ensuring future per capita fish supplies as world pop-
ulation grows, farmed fish has a significant role to play in pro-
viding n-3 FA sources to consumers (2). Atlantic salmon (AS;
Salmo salar) and rainbow trout (RT; Oncorhynchus mykiss) are
the major farmed fish consumed by Quebecers, because of their
great availability and accessibility in food markets. The goal of
the present study was to examine and compare the FA compo-
sition of wild and farmed AS and RT. 

MATERIAL AND METHODS

In 2003, Ministère de l’Agriculture, des Pêcheries et de l’Ali-
mentation du Québec (MAPAQ) collected farmed AS (n = 46)
and RT (n = 37) in Québec food markets. Wild AS samples (n
= 10) were obtained from anglers of the Gaspésie area, the Cen-
tre Interuniversitaire de Recherche sur le Saumon Atlantique
(CIRSA), and the Ministère des Ressources Naturelles, de la

Faune et des Parcs du Québec (FAPAQ). Wild RT samples (n =
10) were obtained from the Freshwater Fisheries Society of
British Columbia and FAPAQ. Fish fillets were packaged in
plastic bags and stored at −20°C until laboratory analyses
(within 2 months following sampling). 

FA analyses. Analyses were conducted on raw, skinless fil-
lets, excluding other types of fat such as subcutaneous or mesen-
teric fat. In the presence of PC containing 15:0 FA used as an in-
ternal standard, 300 mg of tissues was extracted three times with
chloroform/methanol (2:1 vol/vol) (3). Lipid extract solvents
were then evaporated under a stream of nitrogen, weighed, and
methylated (4). FA profiles were obtained by capillary GC
(Hewlett-Packard 5890 gas chromatograph, equipped with an
automated injector 7673A and an FID injector). Injector and de-
tector temperatures were 200 and 260°C, respectively. A capil-
lary column (DB-23: 30 m × 0.25 mm i.d. × 0.25 µm film thick-
ness; Agilent Technologies, Palo Alto, CA) was used with nitro-
gen as the carrier gas. The FA were identified with a standard
mixture of 37 different FA (FAME 37; Supelco, Bellefonte, PA). 

The arithmetic mean of total lipids and FA concentrations
was calculated for each species. For each FA, comparison of
the concentrations between the wild and farmed fish was as-
sessed with the nonparametric Wilcoxon test. Statistical signif-
icance was set at P < 0.05.

RESULTS

Table 1 shows the FA compositions of wild and farmed AS and
RT. The average total lipid contents of wild and farmed AS were
similar. However, the range of lipid values was quite large for
both types of AS, varying between 1.3 and 16.1 g/100 g of fish
flesh. Total n-6 PUFA, n-6 HUFA (highly unsaturated FA), and
linoleic acid in farmed AS were four-, two-, and sixfold higher,
respectively, than in wild AS. Total n-3 PUFA, α-linolenic acid,
and EPA were significantly higher in farmed AS than in wild AS,
whereas concentrations of DHA and n-3 HUFA were similar.
The ratio of n-3 to n-6 PUFA was 11.0 in wild AS compared with
3.6 in farmed AS. PUFA were the major FA in farmed AS com-
pared with wild AS. Saturated FA (SFA) were 35% higher in
farmed AS than in wild AS. In contrast, monounsaturated FA
(MUFA) were 60% higher in wild AS than in farmed AS. 

The total lipid content in farmed RT was 5.6-fold higher
than that of wild RT. Total n-6 PUFA and n-6 HUFA in wild
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RT were significantly higher than in farmed RT, whereas
linoleic acid was higher in farmed RT. Total n-3 PUFA, n-3
HUFA, α-linolenic acid, and DHA were higher in wild RT than
in farmed RT whereas the ratio of n-3 to n-6 PUFA was similar
in all trout samples. However, absolute concentrations showed
that farmed RT provided threefold higher amounts of n-3
PUFA than wild RT (931 vs. 268 mg/100 g). PUFA were pre-
sent in higher proportion in wild RT than in farmed RT. In con-
trast, SFA and MUFA were higher in farmed RT than in wild
RT. 

DISCUSSION 

Although farmed salmonids generally display higher amount
of lipids than wild fish (5,6), our results showed that the lipid
content of farmed AS was lower than expected and similar to
that of wild AS. Moreover, linoleic, α-linolenic, and arachi-
donic acids were, respectively, six-, three-, and twofold higher
in farmed AS than in wild AS. The recent use of vegetable oils
in feeds of farmed AS may explain these differences. It is well
known that the FA composition of farmed fish greatly varies
depending upon their diet (5,7). In the present study, the com-
position of the diets for the farmed fish was unknown, as they
are mainly produced in Chile (Morin, R., unpublished data).
Unexpectedly, the flesh of wild and farmed RT displayed a sim-
ilar ratio of n-3/n-6 PUFA even though farmed RT contained

more lipid and less n-3 and n-6 PUFA than wild RT. Moreover,
the concentration of arachidonic acid was sixfold higher in wild
RT than in farmed RT, probably reflecting the greater consump-
tion of terrestrial insects by wild RT (8). 

In 2004, for primary prevention of CHD, nutrition experts
of the International Society for the Study of Fatty Acids and
Lipids recommended 500 mg of EPA + DHA per day (1). For-
tunately, our results show that the consumption of farmed
salmonids provides high levels of n-3 HUFA and consequently
may have beneficial health effects for consumers. 
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ABSTRACT: Carotenoid glycosides and isoprenoid glycolipids
are of great interest, especially for the medicinal, pharmaceutical,
food, cosmetic, flavor, and fragrance industries. These biologi-
cally active natural surfactants have good prospects for the future
chemical preparation of compounds useful as antimicrobial, an-
tibacterial, and antitumor agents, or in industry. More than 300
unusual natural surfactants are described in this review article,
including their chemical structures and biological activities.

Paper no. L9708 in Lipids 40, 535–557 (June 2005).

Carotenoids and related compounds are an important group of
natural pigments in both the prokaryote and eukaryote king-
doms, exhibiting colors from dark red to bright yellow.
Carotenoids are important in human nutrition as a source of β-
carotene (vitamin A) and possibly as preventive agents against
cancer and heart disease. In addition, carotenoids add color to
foods and beverages. Carotenoids are the precursors of many
important chemicals responsible for the flavors of foods and
the fragrances of flowers. Carotenoids are a class of isoprenoid
hydrocarbons (carotenes) and their oxygenated derivatives
(xanthophylls). About 700 carotenoids have been isolated from
natural sources, and about 160 of these pigments contain a car-
bohydrate moiety and belong either to the carotenoid glyco-
sides or to the carotenoid glycosyl esters. This article describes
the basic principles of the structure, stereochemistry, and
nomenclature of carotenoids. The relationships between the
structure and the chemical and physical properties on which all
the varied biological functions and actions of the carotenoids
depend have been observed in some review articles and books
(3–9). The conjugated polyene chromophore determines not
only the light-absorption properties, and hence color, but also
the photochemical properties of the molecule and consequent
light-harvesting and photoprotective action. The polyene chain
is also the feature mainly responsible for the chemical reactiv-
ity of carotenoids toward oxidizing agents and free radicals,
and hence for any antioxidant role. In vivo, carotenoids are

found in specific locations and orientations in subcellular struc-
tures, and their chemical and physical properties are strongly
influenced by other molecules in their vicinity, especially pro-
teins and membrane lipids. In turn, the carotenoids influence
the properties of these subcellular structures. Structural features
such as size, shape, and polarity are essential determinants of
the ability of a carotenoid to fit correctly into its molecular en-
vironment to allow it to function. A role for carotenoids in
modifying the structure, properties, and stability of cell mem-
branes, and thus affecting the molecular processes associated
with these membranes, may be an important aspect of their pos-
sible beneficial effects on human health (5–7,10). 

Archaebacteria, the third primary kingdom of cells in addi-
tion to eukaryotes and eubacteria, are all characterized by un-
usual isoprenoid ether lipids (11–17). Archaebacteria, or Ar-
chaea, have been discovered in extreme environments such as
hot springs and salt lakes (11–13). Lipids of these microorgan-
isms always possess saturated C20-, C25-, and C40-polyiso-
prenoid chains in the hydrophobic moiety. Many studies have
indicated that the membranes of the polyisoprenoid lipids are
stable at high temperatures and high salt concentrations. The
prior reviews of membrane lipids in archaebacteria have re-
vealed a remarkable variety of polar lipids classes, including
phospholipids, glycolipids, phosphoglycolipids, and sulfolipids,
all derived from the one basic core structure, diphytanylglyc-
erol, and an equally remarkable set of novel pathways for their
biosynthesis (15). These ether lipids normally account for
80–95% of the membrane lipids, with the remaining 5–20%
being neutral squalenes and other isoprenoids. Specific combi-
nations of various lipid core structures found in methanogens
include diether-tetraether, diether-hydroxy diether, or diether-
macrocyclic diether-tetraether lipid moieties (16). The unusual
molecular architecture gives rise to substantial modifications in
the organization of the lipidic layer of their membranes, which
still retains the typical trilaminar structure (11–17).

CAROTENOID GLYCOSIDES

Acyclic Carotenoid Glycosides
The first carotenoid glycoside was isolated from saffron and
described in 1818 (18). Crocin 1, as the major carotenoid, was
isolated from Crocus sativus by Karrer and Miki in 1929 (19),
and was later isolated from Nyctanthes arbortristis (20). Saf-
fron, the dried stigmas of C. sativus L. (Iridaceae), is a very ex-
pensive spice that is used mainly as an herbal medicine or food
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coloring and flavoring agent in different parts of the world (21).
Saffron originally grew in India, Iran, Spain, Greece, and other
countries and has been successfully cultivated in various places
in China, especially Tibet (21). It has historically been used in
Chinese traditional medicine as an anti-anginal agent. Among
the four crocins, crocin 1 is the most abundant in saffron and
has been studied extensively for its pharmacological effects
(22–24). The major biologically active ingredients of saffron
(C. sativus) are crocin analogs, including crocins 1–4, which
are all glycosides of trans-crocetin 5–8, a cis-carotenoid deriv-
ative 9 (25–27). The major yellow colorant, crocin 1, has been
isolated from the fruit of Gardenia jasminoides (28–31). Yel-
low colorants from G. jasminoides that are suitable for food-
stuffs and natural dye preparations have been postulated to be
crocetin glycosyl esters. The utility of carotenoid glycosyl es-
ters as colorants for textiles (32) and food (33), as antioxidant
quenchers for free radicals (34–36), and as antitumor agents
(37) also has been reported. The unusual and adaptogenic xan-
thone carotenoid glycosidic conjugate termed mangicrocin 10
was isolated from Indian saffron C. sativus (38). A major new
pigment isolated from C. sativus has been identified as the cro-
cetin dineapolitanosyl ester 11 (39).

A series of dihydroxylycopene diglucoside diesters as a
novel class of carotenoids, 12–18, have been isolated from the
phototrophic purple sulfur bacteria Halorhodospira abdel-
malekii and H. halochloris (40). Diglucoside esters and diesters
were esterified by two FA only: 12:0 (48% of total) and 14:1
(52%).

β-D-Glucosyl of the 4,4′′-diapocarotene-6,6′-dioic acid 19
has been isolated from Pseudomonas rhodos and red-strain
Rhizobium lupini, both isolated from Lotononis bainesii Baker
(41–44). An apo-lycopenoate mannosyl ester, 20, was found as
a minor component in the yellow halophilic cocci strains H5B-
2 and SE20-4 (45).

The carotenoid composition of the myxobacterium Chon-
dromyces apiculatus was reported previously (46); a new
acyclic carotenoid glucoside ester was isolated, and its struc-
ture was determined as the 1′-glucosyloxy-3′,4′-didehydro-
1′,2′-dihydro-ψ,ψ-carotene monoesters 21–25.

Staphylococcus aureus, a major human pathogen causing
a wide spectrum of diseases, is able to survive under a variety
of extreme conditions and produces staphyloxanthin 26 as a
major pigment (47). Pigments of three species of alkaliphilic
heliobacteria of the genus Heliorestis—H. daurensis, H. bac-
ulata, and an undescribed species, Heliorestis strain HH—
produced two novel carotenoid glycosides, 27 and 28 (48). In
these species, as in other heliobacteria, bacteriochlorophyll G
esterified with farnesol was present. In addition, trace
amounts of the biosynthetic intermediates OH-diaponeu-
rosporene and OH-diaponeurosporene glucoside 29 were
found. Trace amounts of a carotenoid with 20 carbon atoms,
8,8′-diapo-ζ-carotene, also were found in these species as
well as in the non-alkaliphilic heliobacteria. The non-alka-
liphilic species Heliophilum fasciatum also contained trace
amounts of the two OH-diaponeurosporene glucoside esters.
The results were used to predict the pathway of carotenoid
biosynthesis in heliobacteria (47).
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The carotenoid glycosides 30 and 31 were isolated from the
myxobacteria Chondromyces apiculatus (46) and Myxococcus
fulvus (49). Rhodopin β-D-glucoside 32 and rhodopinal β-D-
glucoside 33 were isolated from photosynthetic non-sulfur bac-
teria of the Rhodospirillaceae: Rhodopseudomona acidophila,
Rhodospirillum tenue, Rhodocyclus purpureus, and Athiorho-
daceae species (50–52). 

Mannosyl apo-lycopene alcohol 34 was a minor compound,
as was apo-lycopenoate mannosyl 20 isolated from the yellow
halophilic cocci strains H5B-2 and SE-20-4 (45). The mono-β-
D-glucosyl ester 35 and the di-β-D-glucosyl ester 36 of 4,4′-di-
apocarotene-6,6′-dionic acid have been isolated both from a
red strain of Rhizobium sp. isolated from the roots of Lotono-
nis bainesii and from Pseudomonas rhodos (42,43,53–55).
They represent the C30 homologs of the glycosyl esters 1–8 and
11 occurring in C. sativus and G. jasminoides. Triterpenoid
mono-β-D-glucosyl of 4,4′-diaponeurosporene 37 was pro-
duced by Streptococcus faecium UNH-564P (56). α-L-
Rhamnopyranosyl, of the acyclic carotenoid named as oscil-
laxanthin 38, is produced by the cyanobacterium Oscillatoria
rubescens and represents the most important carotenoid glyco-
side in this group of cyanobacteria (57,58).

Neurosporene fucoside 39 and some other mono- and bicyclic
carotenoid glycosides produced by the unicellular cyanobac-
terium Synechocystis sp. strain PCC 6803, which were isolated
during myxoxanthophyll biosynthesis, have been studied (59).

Bacterioruberin mono- and diglycosides containing glycose
40 and 41 and mannose 42 and 43 sugars belonging to the C50
carotenoid group have been isolated from the halophilic bacter-
ial strain BOS 66 from glacial mud (60). The presence of C50
carotenoids in halophilic bacteria is an interesting finding, and it
has been suggested that the molecular length of C50 carotenoids
with two polar end groups is suitable in membrane architecture.
It has been reported briefly that bacterioruberin reinforces the re-
constituted lipid membrane of Halobacterium (61). 

Monocyclic Carotenoid Glycosides
Monocyclic carotenoids are a large group of pigments that are pro-
duced by bacteria, lower fungi, and invertebrates (5,7,8,10). Some
monocyclic carotenoids contain sugar moieties. Two carotenoid
esters, salinixanthin 44 and 45, have been isolated from the ex-
tremely halophilic eubacterium Salinibacter ruber (62). The same
carotenoid glucoside in the acylated form in Rhodothermus mari-
nus was isolated from marine hot springs (63). The FA ester of
pheixanthophyll 46 was found in Nocardia kirovani (64).
Rhodococcus rhodochrous RNMS1 (IAM 13988) contains a se-
ries of carotenoid glycoside esters with different FA residues,
47–55 (65). The same keto-myxoxanthin glycoside esters were
isolated from a thermophilic filamentous photosynthetic bacterium
Roseiflexus castenholzii (66). The FA composition was determined
and included the acids 14:0 (24.1%), iso-15:0 (12.5%), 15:0
(6.2%), iso-16:0 (1%), 16:0 (29.8%), branched 17:0 (12.8%), iso-
17:0 (10.3%), 17:0 (2.6%), and 18:0 (0.6%).
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Dihydrochlorobactene glycoside laurate, 56, was identified
from the thermophilic green sulfur bacterium Chlorobium
tepidum (67). Two new carotenoid glucoside mycolic acid es-
ters, 57 and 58, have been isolated from the nocardioform
actinomycetes R. rhodochrous (68). Monocyclic carotenoid
glucoside esters 59a–n, which are major carotenoids, have
been isolated from the green filamentous bacterium Chlo-
roflexus aurantiacus (69). The major FA were hexadecanoic
(16:0) and hexadecenoic (16:1) acids, whereas those of the cel-
lular lipids were hexadecanoic, octadecanoic (18:0), and oc-
tadecenoic (18:1) acids. [Percentages included with 59a–n rep-
resent the range of each FA in lipid extracts, calculated from
total FA (100%)].

The nonacylated glycoside 4-keto-carotenoid 60a, which is an
analog of 44, and phleixanthophyll 60b were isolated from My-
cobacterium phlei (70–72). Typical C40 carotenoids of the genus
Myxococcus include myxobactone glycoside 61a and their ester
61b, and myxobactin glycosides and their esters 62a,b and 63a,b;
both monocyclic carotenoid glucosides have been isolated from
Myxococcus fulvus, Stigmatella aurantiaca, Polyangium sp., and
from the gliding bacteria Herpetosiphon giganteus, C. aurantia-
cus, and other species (73–81). Four carotenoid glycosides with
torulene derivatives, 64–67, were isolated from the myxobac-
terium Solanum compositum (82) and from bacteriochlorophylls
containing gliding bacterium species (79,80).

The thermophilic bacterium Meiothermus ruber produces
a series of carotenoid glycoside esters. The major carotenoid
has been identified as 1′-β-glucopyranosyl-3,4,3′,4′-tetrade-
hydro-1′,2′-dihydro-β,ψ-caroten-2-one 68 (83). Acylated
carotenoid glycoside esters at the 6′′-position of the glucose
unit contain a series of C10–C17 FA 69–74. Twelve FA from
M. ruber carotenoids were characterized by GC–MS. The
major component was a 10:1 FAME (37%). Other minor
components were identified, ranging from 11 to 17 carbon
atoms in length. Two branched-chain C15 FA esters also were
identified. A similar substitution was found in the carotenoid
glycosides of Thermus thermophilus (84). The major FA of
the total cellular FA of M. ruber have been identified as
branched-chain compounds, and 2-hydroxy FA were found to
be produced in moderate amounts.

Some carotenoids, their glycosides 75 and 44 (with other
FA residues), and their esters 76–91 have recently been de-
tected in the thermophilic bacterium Rhodothermus marinus
from submarine Icelandic hot springs (85). The FA profiles de-
rived from the two acylated carotenoid glucosides 44 and 75
were found to be similar. The composition established with
odd-carbon iso-13:0 (13%), anteiso-13:0 (16%), iso-15:0
(10%), and anteiso-15:0 (19%) as major FA in two carotenoid
glucoside esters of 44 and 75 was reported. The minor even-
carbon FA were found to be a mixture of the n- and iso-isomers,
whereas the odd-carbon FA were a mixture of iso- and anteiso-
isomers. 
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Three carotenoid glycosides, 92–94, were isolated from the
cyanobacterium Synechocystis sp. strain PCC 6803 (86); two
compounds, 92 and 94, contained the 2,4-O-Me sugar, α-L-fu-
cose. Curtobacterium flaccumfaciens pvar. poinsettiae pro-
duced some acyclic, bicyclic, and monocyclic glycosides, 95
(87).

Interesting C30 carotenoid derivative glycosides named iri-
dalglycosides, 96–102, have recently been isolated from the
rhizomes of Iris spuria (Zeal), cultivated in Egypt (88). Some
triterpenoid iridals (89) isolated from I. germanica showed
high cytotoxic activity against the human tumor cell lines
A2780 and K562 (90).

Lipophilic Vitamins

Among the lipophilic vitamins, which are derivatives of the
carotenoids known as true retinoids, are retinyl-β-D-glucoside
103, retinyl-β-D-glucuronide 104, and retinoyl-β-D-glucuronide
105 (91; see Fig. 1). They are naturally occurring biologically
active metabolites of vitamin A and are found in freshwater and
marine fish and in mammals (92–94). Retinoyl-β-glucuronide
105 has been characterized as a metabolite of vitamin A in the
plasma of humans (95) and in the plasma and tissues of several
animals, such as the monkey (96), mouse (97), and rabbit (98). 

Olson and co-workers (94,99,100) studied the metabolites of
radioactive retinal and all-trans retinoic acid in the bile of bile-
duct-cannulated rats and showed that the water-soluble metabo-
lites were glucuronide derivatives of retinol and retinoic acid.
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Thus, Olson’s group discovered retinyl-β-glucuronide, the glu-
curonic acid derivative of retinol, and retinoyl-β-glucuronide,
the glucuronic acid derivative of retinoic acid. Retinoyl-β-glu-
curonide was found to be an interesting retinoid that possessed
the biological activity of retinoic acid but without pronounced
toxicity. Retinoyl-β-glucuronide was also found to be as effec-
tive as retinoic acid in inhibiting LA-N-5 human neuroblastoma
cell growth and might also serve as a less toxic alternative to 13-
cis retinoic acid in the treatment of this tumor disease. Many re-
ports have indicated that the biological activity of all-trans
retinoyl-β-glucuronide is similar to that of all-trans-retinoic acid,
but without the toxic side effects of retinoic acid (91,92).

The semisynthetic retinoyl-β-glucuronides 106–109, as well
as 105, have been isolated from urine of the human, monkey,
mouse, and rat (101–107).

Bicyclic Carotenoid Glycosides

Zeaxanthin mono- and diglucosides and rhamnosides, 110–113,
represent an important group of natural pigments and occur

mostly in bacterial species (8–10,108). They are found in Coryne-
bacterium autrophicum (109–111) and are produced by Erwinia
herbicola and Rhodobacter sphaeroides (112). Seven zeaxan-
thin glycosides, 110–123, including the Z-isomers 114–117, have
been isolated from the extreme thermoacidophilic archeabac-
terium Sulfolobus shibatae (113). 

Zeaxanthin glucoside esters (called thermocryptoxanthins)
with branched FA, 118–123, were isolated from the ther-
mophilic eubacterium T. thermophilis (114,115). The structures
of the carotenoids were identified as symmetrical bis-FA esters
of zeaxanthin-β-glucosides.

Carotenoid glycosides adonixanthin 124 and astaxanthin
125 were isolated from T. thermophilus and Agrobacterium au-
rantiacum (114–116). The mono- and dicarotenoid glucosides
124–129 are produced by Escherichia coli (117). The asta-
xanthin glycoside esters 130–144 have been isolated from
the deep-water amphipod crustacean Acanthogammarus
(Branchyuropus) grewingkii (118). 

Five new triterpene galactosides, pouosides A–E 145–149,
have been isolated from a Pacific marine sponge, Asteropus sp.
(119). The carbon skeleton of the pouoside aglycons is new for
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naturally occurring triterpenes and parallels that of the C40
carotenoids. Glycoside 145 exhibits cytotoxicity against can-
cer cell P388, ED50 [effective dose50; porcine stable (PS) kid-
ney cell line] = 10 µM/mL (120).

The β-D-lactoside of 7′,8′-dihydroneoxanthin-20′-al 150 is
produced by the toxic marine dinoflagellates Thoracosphaera
heimii (121) and Amphidinium carterae (122). 

Among the C50 carotenoids produced exclusively by bacte-
rial species, corynexanthin 151 was found in Corynebacterium
erythrogenes (123), corynexanthin diglucoside 152 and
monoglucoside 153 have been isolated from Arthrobacter sp.
(124), and 154a was recently discovered in Curtobacterium
flaccumfaciens pvar. poinsettiae (87). Two mono- (154a) and
di- (154b) glucosides of sarcinaxanthin were isolated from Mi-
crococcus luteus (formerly Sarcina lutea) (125–128).

Two unusual squalene-derived triterpenoid glycosides,
xestovanin A 155a and secoxestovanin A 155b, have been iso-
lated from extracts of the Northeastern Pacific marine sponge
Xestospongia vanilla (129). Xestovanin A 155a showed anti-
fungal activity against Pythium ultimum [>50 µg/DiSC (differ-
ential staining cytotoxicity) assay].

NORISOPRENOID GLYCOSIDES 

Natural norisoprenoids structurally derived from carotenoids
are widely distributed in the plant kingdom. Because they
often have low flavor thresholds, many of them are highly po-
tent aroma compounds and are thus of great interest for the
flavor and fragrance industries (130,131). Norisoprenoids, as
carotenoid degradation products (131), are the preferable cleav-
age of (6,7), (7,8), (8,9), and (9,10) bonds leading to flavor
components with 9, 10, 11, and 13 carbon atoms, respectively.
In the intact plant, carotenoid degradation is likely to be af-
fected by oxygenase systems and by photo-oxygenation and
other types of nonenzymatic oxidation (132). The sensory-ac-
tive C9-, C10-, C11-, and C13-norisoprenoids naturally emerge
from the oxidative cleavage of tetraterpenoid precursor
carotenoids (130,133). Nonselective fission of the polyene
chain induced by abiotic factors such as heat or light results in
a broad spectrum of oxidized breakdown products (134,135).
A smaller range of products, which often display biological
activities, is released by enzymatic cleavage reactions. En-
zymes catalyzing the centric or eccentric fission of specific
carotenoids in vivo have been isolated from plants and char-
acterized in recent years (136). 

Recently, the chemical, photochemical, and oxidase-cou-
pled degradation of carotenoids to norisoprenoids has been
studied (137). The proposed biogenetic pathway in grapes that
leads from carotenoids to C13-norisoprenoids has been reported
as involving the enzymatic degradation of carotenoids by re-
giospecific oxygenases (137). These findings include the pre-
ponderance of norisoprenoids possessing 13 carbon atoms,
thereby indicating the specificity of cleavage; the configuration
of the asymmetric centers and axes common to C13-noriso-
prenoids and the corresponding carotenoids; the negative cor-
relations observed between the levels of norisoprenoids and
carotenoids during berry development; and the in vivo transfer
of C13 markers from carotenoids to norisoprenoids in berries
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between véraison (color change stage) and berry maturity. All
of these findings are major arguments in favor of the hypothe-
sis that glycosylated C13-norisoprenoids are derived from
carotenoids in the grapes. Carotenoids are mostly synthesized
from the first stage of fruit formation until véraison, and then
degrade between véraison and maturity to produce glycosy-
lated C13-norisoprenoids and other compounds. The formation
of some norisoprenoid glycoside species is shown in Figure 2.
Volatile C13-norisoprenoids are thought to be the breakdown
products of neoxanthin, a xanthophyll of the carotenoid group.
In grapes, tobacco, tea, flower scents, and tropical fruits,
norisoprenoids occur mainly as glycosidically bound precur-
sors that can contribute considerably to the aroma. Carotenoid-
derived aroma compounds are important carotenoid metabo-
lites in the flavor and fragrance industries (138).

More than 50 filamentous fungi and yeasts, known for the
de novo synthesis or biotransformation of mono-, sesqui-, tri-,
or tetraterpenes, were screened for their ability to cleave β,β-
carotene into flavor compounds, including norisoprenoids
(139). Carotenoid-derived volatile products were detected in
the media of Ischnoderma benzoinum, Marasmius scorodonius,
and Trametes versicolor; β-ionone proved to be the main
metabolite, whereas β-cyclocitral, dihydroactinidiolide, and 2-
hydroxy-2,6,6-trimethylcyclohexanone were formed in minor
quantities.

Many norisoprenoid glycosides, 156–253, mostly belong-
ing to megastigmane-type derivatives of cyclohexane (or cy-
clohexene), have been isolated from plant leaves (or roots)
grown in different places, e.g., France, Italy, Turkey, China,
Korea, Japan, Egypt, Thailand, Jordan, and other countries; and
some of the glycosidic compounds isolated and tested have
shown biological activities. 

The norisoprenoid glycosides 156, 157, 228, and 244–247
were isolated from the aerial parts of the Turkish medicinal plant
Salvia nemorosa (140). Otsuka and co-workers (141–146) have
studied Japanese plants belonging to several genera and have iso-
lated many different norisoprenoid compounds. The megastig-
mane (ionol-type) glycosides 158–163, 164–166, 215, 218–221,
226–228, and 252 were identified from the butanol-soluble frac-
tion of the leaves of Alangium platanifolium var. platanifolium
(Fukuoka Prefecture, Japan) (141,142). The leaves of Alangium
premnifolium (Japanese name: Shima-urinoki) from Nakagami-
gun (Okinawa Prefecture) were found to contain 191, 194–196,
241–243 (143), and 212–217 (144) glycosides. Myrsine seguinii
(syn. Rapanea neriifolia), which is found in temperate and sub-
tropical areas of Japan, contains the compounds 167–173 and
251 (145). The leaves of Turpinia ternata contains the glycosides
181–186 and 225–227 (146). Lasianthionosides A–C 236–238
were isolated from the leaves of Lasianthus fordii (147). Com-
pounds of 175–177, 231, and 232 were isolated from the Turk-
ish tree Stachys byzantina (Tokat, Turkey) (148), and 234 and
235 were isolated from the leaves of Lonicera gracilipes var.
glandulosa (Sendai, Japan) (149).

The megastigmane glycosides 221–224, 230, and 244–247

and their polyphenolic constituents isolated from the leaves of
Eriobotrya japonica (Rosaceae) were found to inhibit the 12-
O-tetradecanoyl-phorbol-13-acetate (TPA)-induced activation
of the Epstein–Barr virus early antigen in Raji cells (150,151).
Roseoside 230 significantly delayed carcinogenesis induced by
peroxynitrite (the initiator) and TPA (the promoter), and its po-
tency was comparable to that of a green tea polyphenol, (−)-
epigallocatechin 3-O-gallate. The loquat, E. japonica
(Rosaceae), is a small tree native to Japan and China that is
widely cultivated for its succulent fruit. Its leaves have been
used as a folk medicine for the treatment of chronic bronchitis,
coughs, phlegm, high fever, and ulcers in Japan and other Asian
countries (152). A traditional therapy using the leaves in a com-
press also has been used to treat cancers in Japan.

Five megastigmane glycosides, 230 and 244–247, have
been isolated from the seeds of Trifolium alexandrinum (153).
The seeds of T. alexandrinum are popularly used in Egypt as
an antidiabetic agent (154). Compounds of 172 and 191 were
found in the glycosidic fraction of sloe tree (Prunus spinosa)
leaves (155); 193, 202, 204, and 228 were isolated from South
American lulo (Solanum quitoense) leaves (156); 178 and 229
were isolated from Caralluma negevensis (157); an extract
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FIG. 2. Biodegradation of some carotenoid species and formation of
C13-norisoprenoids.



from the tropical Chinese tree Laggera alata containing 179 is
usually used for anti-inflammatory and antibacterial treatments
(158); 180 was obtained from tea leaves (cv. Yabukita) (159);
187 and 188 were isolated from the aerial part of Clerodendrum
inerme (160); 241–243 were isolated from Acanthus ebractea-
tus (161); 190 was isolated from the leaves of Phlomis aurea
(162); and 198 was isolated from the leaves of Carallia brachi-
ata (Rhizophoraceae), collected near Kuala Lumpur
(Malaysia). The leaves of C. brachiata are used to prepare tea
or, taken together with a mixture of turmeric, benzoin, and rice
dust, are used for the treatment of gangrenous toxicity, whereas
the bark is used to treat itching (163). 199 was isolated from
grapevines (137); 195 and 237 were isolated from daylily
(Hemerocallis fulva) leaves (164); 200 was isolated from the
aerial part of Taraxacum obovatum (165); 156, 174, and 245
were isolated from barley (Hordeum vulgare) roots (166); and
229 and 230 were isolated from Sauropus androgynus (167).

Glycoside 194 was isolated from Scurrula atropurpurea
(called “benalu teh” in Indonesia) belonging to the family Lo-
ranthaceae, a parasitic plant of the tea plant Thea sinensis
(Theaceae). It showed 19.4% inhibitory activity against cancer
cell invasion (inhibitory rate at 10 µg/mL) (168). 

From the leaves of the poisonous perennial shrub Breynia
officinalis (Euphorbiaceae), collected on Okinawa Island
(Japan), were isolated the megastigmane glycosides 197, 198,
226, and 248–251 (169); 194, 201, and 202 were isolated from
the water-soluble fraction of the methanol extract of coriander
(the fruit of Coriandrum sativum), which has historically been
used as a spice and medicine (170).

Bay laurel (Laurus nobilis, Lauraceae) is a pyramid-shaped
tree or large shrub with aromatic evergreen leaves and shiny
gray bark; the popular culinary seasoning, bay leaf, is used ex-
tensively in French, Italian, Spanish, and Creole cooking and
also in folk medicine. The extract of leaves from this shrub col-
lected in Campania (Avellino, Italy) contained the megastig-
mane glycosides 199, 202, and 204–211 (171). An inhibitory
effect was reported on nitric oxide production in lipopolysac-
charide-activated murine macrophages. Compounds 227 and
228 and the acylated glycoside 253 were isolated from the aer-
ial part of Baccharis dracunculifolia (Compositae) (172).

Biological activities of some C13-norisoprenoids (not gly-
cosides) have been reported. An inhibitory effect on mammary
carcinoma cells induced by β-ionone was observed (173): β-
ionone could inhibit the cell growth of MCF-7 cells (IC50
value, 104 µmol/L). Putative antiproliferative and cell-cycle
inhibitory effects of β-ionone and geraniol were found on
MCF-7 human breast cancer cells in a culture mediated by
mevalonate depletion resulting from the inhibition of HMG-
CoA activity (174). The effect of β-ionone on the proliferation
of the human gastric adenocarcinoma cell line SGC-7901 and
the inhibition of metalloproteinase was also studied (175). β-
Ionone had an inhibitory effect on the growth of SGC-7901
cells; the IC50 value of β-ionone for SGC-7901 cells was esti-
mated to be 89 µmol/L. Norisoprenoids that were isolated from

the leaves of Cestrum parqui (Solanaceae) showed phytotoxic
effects on the germination and growth of Lactuca sativa (176). 
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ISOPRENOID GLYCOLIPIDS

Organisms that are able to live in environments that exhibit ex-
traordinary conditions, such as very high temperatures

(50–110°C and/or up to 400°C in deep-sea thermal vents), very
high salt conditions (20 to 25% of NaCl), or very low or very
high pH values (from 1.0 to 5.5, and from 8.5 to 11.0), are ex-
tremophiles or Archaea (Archaebacteria) (177,178). Hyper-
thermophiles are found mainly in the water near places with
volcanic activity. The magma of the volcanoes heats the water
to very high temperatures (up to 400°C). Acidophiles and alka-
liphiles are able to grow at low pH (below 5.5) and high pH
(above 8.5). Barophiles can survive only at the high pressures
(above 300 atm) mainly found in the deep sea. Halophiles live
in salt lakes and cannot survive without these very high salt
concentrations. Also, combinations of these features are possi-
ble, e.g., Sulfolobus is an acidophilic hyperthermophile. Ex-
tremophilic organisms are found in both the Bacteria and the
Archaea.

Archaea and Bacteria are prokaryotes, and both are single-
cell organisms. There are, however, distinct features that place
Archaea and Bacteria each in their own domain. This distinc-
tion is mainly based on studies of 16sRNA. Also, the composi-
tion of the cytoplasmic membrane is different in Bacteria and
Archaea. Bacteria have glycerol diester lipids with FA as the
hydrophobic backbone (1,2-diacyl-sn-glycerol), whereas Ar-
chaea have glycerol diether and diglycerol tetraether lipids with
a phytanoyl chain as the backbone (2,3-di-O-phytanyl-sn-glyc-
erol, or 2,3,2′,3′-tetra-O-dibiphytanyl-di-sn-glycerol). The
tetraether lipids do form a membrane-spanning monolayer, and
diethers and diesters do form a bilayer. All Archaea, including
the halotolerant species, are characterized by the presence of
isopranyl glycerol ether lipids in their membranes, and more
than 150 polar lipids from Archaea have now been structurally
characterized (11–17,179,180).

DIETHER AND TETRAETHER GLYCOLIPIDS

The extremely halophilic bacteria classified as Archaea gener-
ally require saturated or nearly saturated (3.0–5.0 M) NaCl for
optimal growth and survival, although some species are capable
of growth in as low as 2.5 M NaCl (14). The diether glycolipids
254–260 have been isolated from halophilic bacteria (13). More
than 40 years ago unusual lipids were found in an extreme
halophile, Halobacterium cutirubrum, which differed consider-
ably from moderate halophiles and nonhalophilic bacteria
(181,182). The major glycolipid in H. cutirubrum is the sulfated
triglycosylarchaeol S-TGA-1 256 (183,184), but minor amounts
of the sulfated tetraglycosylarchaeol S-TeGA 258 are also pre-
sent, as are two unsulfated glycolipids, 257 and 259 (185). The
lipids of an extremely halophilic bacterium, Halobacterium
marismortui, isolated from the Dead Sea, were found to contain
86% polar lipids and 14% nonpolar lipids. The major glycolipid
detected was 257 (186). Species of the genera Haloarcula and
Haloferax contain 257 and 257a, and 255, respectively
(186,187). 
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The lipids of the halophilic eubacteria Planococcus H8
(NRCC 14037) and Haloferax volcanii were studied and found
to be remarkably simple in their polar lipid content, with 49%
phosphatidylglycerol and cardiolipin, and surprisingly, 51% of
the anionic lipid sulfoquinovosyldiacylglycerol (SQDG) (188).
SQDG is a sulfonolipid associated with plants, algae, and other
photosynthetic organisms (13). Haloferax volcanii and
Planococcus H8 produce the same classes of polar lipids, con-
sisting of phosphoglycerols, sulfoglycolipids, and cardiolipins.
Because the glycolipids of both microbes contain sulfur, they
may have the potential to exhibit the properties of certain other
sulfoglyco ligands in inducing phagocytosis by binding to the
mannose receptor (189). The new sulfated diglycosyl lipid S-

GL-1 260 was isolated from H. volcanii (188). A novel bis-sul-
fated glycolipid, 261, has been isolated in Japan from a nonalka-
liphilic extremely halophilic Archaebacterium, strain 172 (190). 

The lipids of methanogenic bacteria consist of di- and
tetraether glycerol. More than 40 complete structures of ether
polar lipids from seven methanogenic species have been deter-
mined to date. The isoprenoid glycolipids 262–281 have been
isolated from methanogens and their structures have been elu-
cidated. The glycolipid 262 is common to all methanogenic
species (191,192). Compounds of 262, 263, and 268 are major
lipids in Methanococcus voltae (193). The caldarchaeol core
was predominant in the total lipids of Methanobacterium ther-
moautotrophicum (up to 83%), and the structures of 15 lipids
from M. thermoautotrophicum have been determined in this
species (193–196). Thirteen of the 15 lipids are as follows: a
bare archaeol (type 262), a bare caldarchaeol (tetraether type),
two glycolipids [gentiobiosyl (β-Glc(1-6)-β-Glc), archaeol
263, and gentiobiosyl caldarchaeol], six phospholipids, and
three phosphoglycolipids.
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Methanococcus jannaschii is one of the extremely ther-
mophilic methanogens that can grow at temperatures up to 86°C
(197); it was isolated from the deep-sea hydrothermal vent in the
East Pacific Rise (depth, 2,600 m). Because of the extreme ther-
mophilicity of this bacterium, its lipids are very interesting. Be-
sides the usual archaeol and caldarchaeol, a unique glycerol ether
core lipid was identified in this organism. It was identified as a
macrocyclic archaeol, in which a 40-carbon bifunctional 1,32-
biphytanediyl (3,7,11,15,18,22,26,30-octamethyldotriacon-
tamethylene) group was etherified at the sn-2 and sn-3 positions
of the glycerol, forming a 36-member macrocyclic diether com-
pound, 270; lipids 271–274 also were isolated from this species
(198).

The lipids of GP1 (Methanospirillum hungateii), GP6
(Methanothrix soehngenii = Methanosaeta concilii), and MS
(Methanosarcina barkeri), all bacteria belonging to the Metha-
nomicrobiales, have been isolated and their structures deter-

mined by physical and chemical methods. Kates and co-workers
(199) reported the structures of polar lipids from M. hungateii
GP1 in 1981 as the first methanogenic polar lipids. These lipids
consist of two phosphoglycolipids (both tetraether type) and four
glycolipids (two tetraether and two diether types). The glycosyl
residues of the six lipids comprise only two species: β-glucopy-
ranosyl(1→2)β-galactofuranosyl 282 and β-galactofuranosyl-
(1→6)β-galactofuranosyl 283. The occurrence of galactofura-
nose residues in glycolipids is uncommon, and the phosphate
ester group of the phosphoglycolipids is sn-glycerol-3-phos-
phate. More recently, Sprott and co-workers (200) isolated 266,
267, and 282–290 glycolipids from M. hungatei. A new acid-la-
bile glycerol ether lipid, 274, was identified in M. soehngenii
GP6 (also known as Methanothrix concilii and Methanosaeta
concilii) (201). The cause of the lability of the lipid is the pres-
ence of a hydroxyl group bound at the 3′ position of the phytanyl
chain linked to the sn-3 position of the core glycerol moiety. The
hydroxyarchaeol core made up 30% of the total lipids. The struc-
tures of eight polar lipids, 263 and 274–280, of M. soehngenii
were determined (202,203). The major lipids were two diglyco-
sylated lipids, 263 and 274 (which made up 59% of the polar
lipids), and archaetidylinositol (which made up 24%). Glycol-
ipids of this organism contained three kinds of hexose residues:
glucose, galactose, and mannose.

De Rosa and co-workers (17) reported that the lipid core of
M. barkeri DSM800 consists of diphytanyltetritol, caldar-
chaeol with various numbers of cyclopentane rings, glycero-
archaeol with hydrocarbon chains with 20 and 25 carbons, and
a typical archaeol. The hydroxyarchaeol of M. barkeri resem-
bles the hydroxyarchaeol from M. soehngenii but differs in the
position of glycerol on which the hydroxyphytanyl group is
linked. The 3′-hydroxyphytanyl chain is etherified at the sn-2
position of glycerol in M. barkeri 274 and at the sn-3 position
in M. soehngenii 279. Six phospholipids, seven amino phos-
pholipids, and one glycolipid of M. barkeri MS have been iden-
tified, including the unusual “hybrid lipid” 304 (204).

Several strains of extremely halophilic Archaebacteria, both
nonalkaliphilic and alkaliphilic, including Halobacterium,
Haloferax, and Natronobacterium species, were isolated from
salt locales in India, and their lipids have been studied (205).
The Halobacterium strains possessed the characteristic glyco-
lipids, sulfated triglycosyl diether 254 and tetraglycosyl diether
254a, and the unsulfated triglycosyl diether 257; the Haloferax
strains had the characteristic sulfated and unsulfated diglycosyl
glycerol diethers 255 and 263.

Lipid 293 and its analog, R1 = PO2(OH)-glycerol, have been
isolated from cells of the acidophilic, autotrophic, mesophilic,
ferrous compound-oxidizing archaeon Ferroplasma acidiphilum
strain YT (206).

Thermoplasma acidophilum, a wall-less mycoplasma-like
thermoacidophilic archaeon, grows at 59°C and pH 2.0 as its
optimal conditions. The membrane lipids consist of derivatives
of a tetra-O-di(biphytanyl) diglycerol and a 2,3-di-O-phytanyl-
sn-glycerol similar to the usual archaea. Three types of polar
ether lipids were found in T. acidophilum HO-62: phospho-
lipids, glycolipids, and phosphoglycolipids (207). The seven
glycolipids had different combinations of gulose, mannose, and
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glucose, which formed the mono- or oligosaccharides 291a–e;
292a,b; and 293–303. Although gulose is an unusual sugar in
nature, several glyco- and phosphoglycolipids in T. aci-
dophilum contained gulose as one of the sugar moieties. All the
ether lipids had isopranoid chains of C40 or C20 with zero to
three cyclopentane rings (207). In T. acidophilum, the main
polar lipid is phosphoglycolipid, composed of caldarchaeol,
gulose, and sn-3 glycerophosphate at a molecular ratio of 1 to
1 to 1 and comprising about 46% of the total lipids. The struc-
tures of other neutral glycolipids, 291a, 291d, 292b, and
294–296, all of which contain gulose and/or glucose, have been
detected by Uda and co-workers (208,209).

All Sulfolobus are hyperthermophilic organisms and belong
to the subkingdom of Crenarchaeotes. The first member of this
group to be described was Sulfolobus acidocaldarius and was
found by Brock and co-workers in 1972 in Yellowstone Na-
tional Park (210). Many Sulfolobus strains have been found in
terrestrial hydrothermal situations, mainly solfataric fields, in
different parts of the world, for example, in the United States,
Italy, Japan, Iceland, and New Zealand. They have been iso-
lated from hot waters, mud pots, and the upper layers of soils
with temperatures from 60 to 95°C and a pH of 1 to 5, and con-
tain two major tetraether glycophospholipids, 305 and 306
(13,17,211,212).

Diglycerol tetraether lipids 306–312, from thermoaci-
dophilic Archaebacteria of the Caldariella acidophila, which
grow in the temperature range of 75–89°C, with differently cy-
clized biphytanyl components have been detected (213–215). 

ISOPRENOID ETHER BOLAFORM AMPHIPHILES

Over the past several years, various archaebacterial symmetrical
or asymmetrical, acyclic or macrocyclic bipolar lipid analogs
have been synthesized to investigate, from well-defined mole-
cules, the membrane organizing and packing properties of some
new classes of amphiphiles and the results obtained have been
reported and partly reviewed (15–17,216,217).

Archaeal natural tetraether bipolar lipids are thought to span
the membrane to form monolayers and allow the microorgan-
isms to maintain their membrane integrity in harsh environ-
ments (15,17,212). These bipolar membrane-spanning lipids
give rise to several model systems with advantageous proper-
ties, such as mechanically and thermally stable monolayers, ar-
tificial black membranes, and highly thermostable liposomes
(212,218). The archaeal 36-membered macrocyclic diether
(e.g., type 270) phospholipid was studied by measuring its
membrane fluidity, liposomal proton permeability, and liposo-
mal thermostability in comparison with its acyclic counterpart,
diphytanyl-PC, its glycolipid derivatives, egg yolk lecithin, and
a mixed lipid of dimyristoylphosphatidylcholine (DMPC)–cho-
lesterol (220). Fluorescence anisotropy measurements indi-
cated that the macrocyclic structure led to a greater decrease in
the fluidity of the intermembrane hydrophobic part than in the
membrane surface by limiting the motional freedom of the
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alkyl chains. The proton permeability was also significantly re-
duced by introducing a macrocyclic structure. Liposomal ther-
mostability measurements using 6-carboxyfluorescein sug-
gested that the 36-membered diether formed liposomes with
greater thermal stability than those of diphytanyl-PC. The data
obtained suggested that the cyclic structure contributed to the
formation of stable liposomes, especially at higher tempera-
tures. These findings clearly demonstrate that the 36-membered
macrocyclic lipid membrane plays an important role for the
thermophilic Archaea in adapting to extreme environments.

Symmetrical and unsymmetrical archaeal tetraether glyco-
lipid analogs 313–317 have been synthesized, and these com-
pounds represent the first examples of tetraether-type analogs
containing a phosphate unit and/or glycosyl moieties
(221–223). The self-assembling properties of a new series of
archaeal tetraether glycolipid analogs, 313–317, were studied
and were characterized by a bipolar architecture with two simi-
lar or different glycosidic and/or phosphate polar heads and a
lipid core possessing a cyclopentane unit and/or branched
chains (222). Supramolecular aggregates of the neutral glyco-
lipids 313, 314, and 317 were found to depend on both the sac-
charidic polar heads and the chain composition. The presence
of one glycosidic residue with rather marked hydrophilic prop-
erties, such as the lactosyl moiety, was required to allow the
formation of multilamellar vesicles. Surprisingly, the introduc-
tion of a cyclopentane unit in the bridging chain was able to in-
duce an apparent two-by-two membrane association; this un-
usual behavior might be the result of unsymmetrical interfacial
properties of the lipid layer caused by the presence of the cy-
clopentane unit. Asymmetrical phosphate derivatives sponta-
neously formed thermostable monolayered vesicles, but neu-
tral glycolipids 317, which contain a cyclopentane ring in the
middle of the bridging chain, did not form monolayer associa-
tions. Bipolar surfactants possessing a single polymethylene
bridging chain were found to self-organize into bilayered or
monolayered vesicles, disks, or fibers depending on the sym-
metrical or asymmetrical structure of the lipids, the bridging
chain length, the nature of the polar groups and also the struc-
ture of the spacers (223).

Liposomes obtained from archaebacterial ether lipids (or
synthetic analogs) named archaeosomes demonstrate relatively
higher stabilities to oxidative stress, high temperature, alkaline
pH, and the action of phospholipases, bile salts, and serum pro-
teins. Some archaeosome formulations can be sterilized by au-
toclaving, without problems such as the fusion or aggregation
of vesicles. The uptake of archaeosomes by phagocytic cells
can be up to 50-fold greater than that of conventional liposome
formulations. Studies in mice have indicated that systemic ad-
ministration of several test antigens entrapped within certain
archaeosome compositions gives humoral immune responses
that are comparable to those obtained with the potent but toxic
Freund’s adjuvant. Archaeosome compositions can be selected
to give a prolonged, sustained immune response and to gener-
ate a memory response. Tissue distribution studies of archaeo-
somes administered via various systemic and peroral routes in-
dicate the potential for targeting specific organs. All in vitro

and in vivo studies performed to date have indicated that ar-
chaeosomes are safe and do not invoke any noticeable toxicity
in mice. The stability, tissue distribution profiles, and adjuvant
activity of archaeosome formulations indicate that they may
offer a superior alternative to the use of conventional lipo-
somes, at least for some biotechnology applications (224,225).

PHENOLIC GLYCOLIPIDS

Phenolic glycolipids were discovered more than 50 years ago
(226) and exhibit a fascinating diversity in their structures and
biological activities (227). Smith and co-workers (226) studied
lipid extracts of bovine and human tubercle bacilli by IR spec-
trometry and found aromatic substituents, named glycolipids
G. More recently, these aromatic glycolipids were detected in
Mycobacterium bovis and Mycobacterium kansasii. These gly-
colipids attracted great interest at first for the unusual structure
of their lipid part, and then as potential tools to detect infec-
tions by Mycobacterium tuberculosis. The structure of the lipid
aglycone moiety (phenolphthiocerol) was studied by Gastam-
bide-Odier and co-workers (228,229). It is unusual because of
its terminal phenol moiety, derived biosynthetically from tyro-
sine, which bears a long chain with two hydroxyl groups acy-
lated by multimethyl-branched FA. Although some phenolgly-
colipids bear only one methyl rhamnoside residue (in M. bovis
and M. marinum), others have oligosaccharides, one of them
with a labile dideoxyhexose at its nonreducing end (in M.
kansasii) (230).

In 1961, MacLennan and co-workers (231) reported the oc-
currence of 2-O-Me-fucose, 2-O-Me-rhamnose, and 2,4-di-O-
Me-rhamnose in a specific glycolipid from a photochro-
mogenic atypical mycobacterium (now called M. kansasii).
Structural reinvestigation in 1970 by Gastambide-Odier and
co-workers (229,232) and in 1981 by Hunter and Brennan
(233) confirmed the oligosaccharide composition; however, the
presence of 3-O-Me-fucose and 3-O-Me-rhamnose was also
noticed by the former group. Finally, in 1984 the following
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trisaccharide was proposed (234) as the tentative structure for
the oligosaccharide moiety of the phenolic glycolipid: 2,4-di-
O-Me-L-Rhap(l→4)2-O-Me-L-Fucp(l→4)2-O-Me-L-Rhap1-
R. The aglycon R residue was identified by Gastambide-Odier
and co-workers (229,232) as a phthiocerol molecule mainly es-
terified by mycocerosic FA. Mycobacterium kansasii, the “yel-
low” bacillus, is an important etiologic agent of chronic pul-
monary infections indistinguishable from tuberculosis. This
disease is the most important clinical problem arising from
nontuberculous mycobacteria (235). A recent study has demon-
strated that the species-specific phenolic glycolipid of M.
leprae triggers uptake into Schwann cells by interaction with
laminin-2 and the α-dystroglycan receptor. This finding em-
phasizes the importance of lipids in the biology of mycobacter-
ial infections and suggests possible strategies to combat nerve
damage in leprosy (236). 

The major phenolic glycolipids 318–331, with different
aliphatic chains and sugar moieties, have been isolated from
M. kansasii and M. gastri (318–321), M. bovis (320), M. lep-
rae (322–324), M. tuberculosis (Canetti strain, 325–327), M.
marium, M. ulcerans (328), and M. haemophilum (329–331)
(237,238).

Phenolic glycolipids 332 and 333, acylated in the 19 and 21 po-
sitions by multimethyl-branched FA, have been isolated from
M. kansasii, and also found in M. gastri (239–241). The novel
phenolic glycolipids 334–338 were isolated from M. tubercu-
losis, as were their deacylated analogs (242).

MYCOLIC GLYCOLIPIDS WITH
MULTIMETHYL-BRANCHED FA

Mycolic acids of mycobacterial glycolipids are complex hy-
droxylated branched-chain FA with elevated (from 60 to 90)
carbon numbers, and they may also contain diverse functional
groups such as an epoxy ester group or keto, methoxy, and/or
cyclopropane ring(s) (243). These FA were isolated and named
by Stodola and co-workers in 1938 (244) from a waxy extract
of the human tubercle bacillus (M. tuberculosis). Their com-
mon structure was elucidated in 1950 by Asselineau and co-
workers (245,246) and was shown to be formed of a β-hy-
droxy-α-alkyl branched chain. Both M. tuberculosis and M.
leprae, the causative agent of leprosy, have been shown to add
unique cyclopropyl groups to their mycolic acids (243). Muta-
tions that affect cyclopropane groups of mycolic acids have
been shown to render M. tuberculosis unable both to core and
to cause a persistent infection in mice. The cyclopropane lipids
appear to represent a unique virulence factor that protects path-
ogenic mycobacteria against an effective immune response.
Also, some glycolipids based on trehalose containing the mul-
timethyl-branched FA 339 and 340 have been isolated from M.
tuberculosis (247,248).

Mycobacterium tuberculosis, the tubercule bacillus, was
originally described by Robert Koch (249) and, characterized
by its unusual staining properties, was proved to be the
causative agent of tuberculosis. These acid-fast staining prop-
erties have been found to result from the unique lipid surface,
which is predominantly long-chain mycolic acids. These FA
are common to the entire genus of Mycobacterium, thus pro-
viding a unique signature for the species. The tuberculosis-spe-
cific drugs isoniazid and ethionamide have been shown to tar-
get the synthesis of these mycolic acids. Using a combination
of genetic, biochemical, and X-ray crystallographic analyses,
the target, InhA (long-chain enoyl acyl carrier protein reduc-
tase, an enzyme involved in the biosynthesis of mycolic acids),
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has been identified and characterized. Specific inhibition of
InhA induces the lysis of mycobacterial cells, thus defining a
key Achilles heel for the mycobacterial species that has led to
novel drug development. Furthermore, it is noticeable that my-
colic acids were the first known CD1-presented antigen (250);
also, mammalian T-cells can recognize a foreign lipid structure
by a CD1-dependent mechanism (251,252). It is now recog-
nized that mycolic acids are localized in the inner leaflet of the
mycobacterial cell wall, either covalently bound or loosely as-
sociated with arabino-galactan polymers (253). Mycolic acids
have been involved in maintaining a rigid cell shape, but they
also contribute to the resistance to chemical injury and to the
protection of cells against hydrophobic antibiotics.

SUMMARY

Carotenoids and their glycosides are important factors in
human health and are essential for vision. The role of β-
carotene and other carotenoids as the main dietary source of vi-
tamin A is well known. Protective effects of carotenoids and
their glycosides against serious disorders such as cancer, heart
disease, and degenerative eye disease have been recognized
and have stimulated intensive research into the role of
carotenoids as antioxidants and as regulators of the immune re-
sponse system. 

Archaeal lipids are based on ether links, and their aliphatic
components are isoprenic in nature. These molecules are the
structural components of a new model of biological membrane

in which a monolayer of bipolar lipids replaces the conventional
bilayer of monopolar lipids universally present in the biological
membranes. Archaeal bolaform lipids can be obtained from the
membranes of microorganisms grown at optimal temperature
and pH conditions. Diether archaeal lipids and/or their synthetic
analogs behave quite similarly to the ester analogs, whereas
tetraether lipids behave in a more complex way. In fact, a bo-
laform lipid can have a U-shaped disposition, with both heads in
contact with the aqueous subphase, or it may assume a stretched
configuration, with only one polar interface in contact with
water. Some interesting properties of these bolaform lipids make
them attractive candidates as drug or antigen delivery systems
and as stable S-layer supported lipid films for functional mem-
brane protein reconstitutions or supported membrane biosensor
devices. 

Mycobacteria, members of which cause tuberculosis and
leprosy, produce cell walls of unusually low permeability,
which contribute to their resistance to therapeutic agents. Phe-
nolic glycolipids are unusual surface-active lipid surfactants
found only in pathogenic mycobacteria. They are extremely
hydrophobic, having a high portion of long-chain moieties and
relatively hydrophobic sugars. Most of the hydrocarbon chains
of these lipids assemble to produce an asymmetrical bilayer of
exceptional thickness. Structural considerations suggest that
the fluidity is exceptionally low in the innermost part of the bi-
layer and that it gradually increases toward the outer surface.
Differences in mycolic acid structure may affect the fluidity
and permeability of the bilayer and may explain the different
sensitivity levels of various mycobacterial species to lipophilic
inhibitors. Phenolic glycolipids play an important key role as
an antigenic probe for the serodiagnosis of some human
pathogen mycobacterial infections. 
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ABSTRACT: Although long-chain fatty acyl-coenzyme A (LCFA-
CoA) thioesters are specific high-affinity ligands for hepatocyte
nuclear factor-4α (HNF-4α) and peroxisome proliferator-acti-
vated receptor-α (PPARα), X-ray crystals of the respective puri-
fied recombinant ligand-binding domains (LBD) do not contain
LCFA-CoA, but instead exhibit bound LCFA or have lost all lig-
ands during the purification process, respectively. As shown
herein: (i) The acyl chain composition of LCFA bound to recom-
binant HNF-4α reflected that of the bacterial LCFA-CoA pool,
rather than the bacterial LCFA pool. (ii) Bacteria used to produce
the respective HNF-4α and PPARα contained nearly 100-fold less
LCFA-CoA than LCFA. (iii) Under conditions used to crystallize
LBD (at least 3 wk at room temperature in aqueous buffer), 16:1-
CoA was very unstable in buffer alone. (iv) In the presence of the
respective nuclear receptor (i.e., HNF-4α and PPARα), LBD
70–75% of 16:1-CoA was degraded after 1 d at room tempera-
ture in the crystallization buffer, whereas as much as 94–97% of
16:1-CoA was degraded by 3 wk. (v) Cytoplasmic LCFA-CoA
binding proteins such as acyl-CoA binding protein, sterol carrier
protein-2, and liver-FA binding protein slowed the process of
16:1-CoA degradation proportional to their respective affinities
for this ligand. Taken together, these data for the first time indi-
cated that the absence of LCFA-CoA in the crystallized HNF-4α
and PPARα was due to the paucity of LCFA-CoA in bacteria as
well as to the instability of LCFA-CoA in aqueous buffers and the
conditions used for LBD crystallization. Furthermore, instead of
protecting bound LCFA-CoA from autohydrolysis like several cy-
toplasmic LCFA-CoA binding proteins, these nuclear receptors
facilitated LCFA-CoA degradation. 

Paper no. L9730 in Lipids 40, 559–568 (June 2005).

Two members of the nuclear receptor superfamily, hepatocyte
nuclear factor-4α (HNF-4α) and peroxisome proliferator-acti-
vated receptor-α (PPARα), bind coenzyme A (CoA) thioesters
of long-chain FA (LCFA, C14–C22) in in vitro binding assays
(1–7). Although early radioligand competition binding assays
showed these proteins exhibiting only weak affinities (i.e., µM
Ki) for LCFA-CoA (1,6), subsequent direct fluorescence bind-
ing assays demonstrated that both HNF-4α (2–4) and PPARα
(7) exhibited high affinities (i.e., low nM Kd) for LCFA-CoA.
Furthermore, in the case of HNF-4α this high affinity for
LCFA-CoA was dependent on the presence of an intact F do-
main C-terminal to the ligand-binding domain (LBD). Dele-
tion of the F domain abolished LCFA-CoA binding and en-
hanced that of LCFA (4). The molecular basis for the discrep-
ancy reported in affinities obtained between radioligand
competition and fluorescence binding assays is based on the
fact that radioligand competition assays are known to signifi-
cantly underestimate the affinities of ligand-binding proteins
for LCFA-CoA and LCFA (8,9). For example, cytoplasmic
LCFA-CoA-binding proteins such as acyl-CoA-binding pro-
tein (ACBP), sterol carrier protein-2 (SCP-2), and liver FA-
binding protein (L-FABP) exhibit M Kd in radioligand binding
assays (reviewed in Refs. 8 and 10), whereas those obtained
with fluorescence and titration calorimetry binding assays dis-
play a 100- to 1000-fold stronger affinity (10–13). 

Although PPARα is widely recognized as a ligand-inducible
nuclear receptor that is activated only when specific ligands
(e.g., peroxisome proliferators, LCFA, nonhydrolyzable
LCFA-CoA, etc.) are present in cells (reviewed in Refs. 5, 7,
14, and 15), the transcriptional activity of HNF-4α in the liver,
intestine, or pancreas as a function of specific ligands has been
highly debated. For instance, some authors considered HNF-
4α to be a constitutively active and ligand-independent nuclear
receptor, even though its modular structure includes the LBD
(16). In contrast, other groups demonstrated that various LCFA
(C14–C22) were able to modulate the transcriptional activity of
HNF-4α by reporter gene assays in transfected COS-7 cells in
culture (1,3). In addition, overexpression of fatty acyl CoA syn-
thase enhanced the ability of LCFA to modulate the transcrip-
tional activity of HNF-4α, whereas overexpression of fatty acyl
CoA hydrolase inhibited the ability of LCFA to modulate the
transcriptional activity of HNF-4α (1). Furthermore, it was
shown that purified full-length HNF-4α and truncation mutants
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with an intact LBD and C-terminal F domain had an affinity
for the CoA thioesters of LCFA several orders of magnitude
higher than for the corresponding free LCFA in vitro (1–4).

Despite the above data indicating that both PPARα and
HNF-4α bind LCFA-CoA with high affinity, the crystal struc-
tures of the LBD of PPARα (17) and HNF-4α (18,19) do not
contain endogenously bound LCFA-CoA. Instead, these trun-
cated proteins contain either no endogenously bound ligand, as
for the PPARα LBD (17), or, in the case of the HNF-4α LBD,
contain constitutively bound LCFA that do not influence the
open vs. closed conformational state of the HNF-4α LBD.
However, LCFA-CoA is known to alter PPARα conformation,
as demonstrated by circular dichroism (7), and a nonhydrolyz-
able LCFA-CoA analog is known to alter PPAR LBD confor-
mation, as evidenced by sensitivity to protease digestion and
the ability to bind to co-activators (7,20). Likewise, LCFA-
CoA and nonhydrolyzable LCFA-CoA analogs (but not LCFA)
alter the conformation of full-length HNF-4α as well the HNF-
4α LBD containing the C-terminal F domain (2,4,21). Such lig-
and-induced conformational changes are a hallmark of ligand-
activated nuclear receptors (reviewed in Refs. 2 and 22–25). 

Although the molecular basis for the above discrepancies is
not yet known, at least three possibilities may be considered:
First, the level of endogenous LCFA-CoA may be very small
as compared with that of LCFA in the bacteria used to produce
the recombinant truncated PPARα and HNF-4α constructs.
Second, the FFA detected within the binding site of HNF-4α
LBD by X-ray crystallography may arise from residual LCFA
formed by degradation of CoA thioesters during the crystal-
lization process. Third, truncation of the C-terminal F domain,
especially long in HNF-4α, significantly alters the ligand speci-
ficity of the recombinant N- and C-terminal truncation proteins
used for crystallography (4). The purpose of the present work
was: (i) to examine the relative proportions of LCFA-CoA and
LCFA in the recombinant bacteria, (ii) to show the stability of
LCFA-CoA in the context of protein crystallization conditions;
(iii) to show the effect of nuclear receptors that bind LCFA-
CoA, i.e., HNF-4α and PPARα, on LCFA-CoA stability; and
(iv) to determine the stability of LCFA-CoA in the context of
the cytoplasmic LCFA-CoA-binding proteins ACBP, SCP-2,
and L-FABP. 

MATERIALS AND METHODS

Materials. Palmitoleoyl-CoA (16:1-CoA) and n-heptadec-
anoyl-CoA (17:0-CoA) were purchased from Sigma Chemical
Co. (St. Louis, MO). Protease inhibitor cocktail, ultralow range
color markers for SDS-PAGE, gel filtration M.W. markers
(range 6,500–66,000 Da), alkaline phosphatase conjugated
goat anti-rabbit IgG, alkaline phosphatase conjugated rabbit
anti-goat IgG, and 5-bromo-4-chloro-3-indolyl-phosphate/ni-
troblue tetrazolium (BCIP/NBT) for Western analysis were
purchased from Sigma-Aldrich (St. Louis, MO). Protein con-
centration was determined by the Bradford method using Pro-
tein Assay Dye Reagent Concentrate purchased from Bio-Rad
Laboratories (Richmond, CA). 

Rabbit polyclonal anti-rat HNF-4-LBD antisera were pre-
pared according to Association for Assessment and Accredita-
tion of Laboratory Animal Care (AAALAC) guidelines and
further purified by affinity chromatography on protein-A-
sepharose as described earlier (26). Rabbit polyclonal anti-
mouse PPARα antibodies were from Affinity BioReagents
(Golden, CO). Polyclonal antisera to murine recombinant L-
FABP, human recombinant SCP-2 (12), and murine recombi-
nant ACBP (28,29) were prepared as described (29) in the cited
papers. The specificity of appropriate dilutions of the purified
antibodies was determined as described earlier (30). None of
the antisera cross-reacted with proteins other than the one
against which the antisera were raised. 

Expression and purification of recombinant full-length and
deletion mutant forms of rat HNF-4α. The full-length rat HNF-
4α [amino acids (aa) 1–455] and the N-terminal deletion mutant
HNF-4α-E-F (aa 132–455) recombinant proteins were obtained
as described previously (1,2). The cDNA of the rat C-terminal
truncation mutant lacking the entire F domain, HNF-4α-E (aa
132–455) was obtained by PCR using the sense 5′-CATGC-
CATGGGCAGCCATCATCATCATCATCACAGGTCAAGC-
TACGAG and antisense 5′-GAAGATCTCTAGGCAGACC-
CTCCAAG primers. Rat N-terminal His-tagged HNF-4α1 (aa
132–410) recombinant was prepared by PCR using the sense 5′-
CATGCCATGGGCAGCCATCATCATCATCATCACAGGT-
CAAGCTACGAG and antisense 5′-GAAGATCTCTAGGTG-
GACATCTGTCC primers. The PCR products were cloned into
pET11d plasmid. The recombinants plasmids were expressed in
the Escherichia coli BL21(DE3)pLyS strain, and the His-tagged
proteins were purified by affinity chromatography on nickel ni-
trilotriacetic resin (Qiagen, Chatsworth, CA) and stored at
−70°C. Purity of the recombinant proteins was assessed by SDS-
PAGE and Western blotting as described earlier (2–4).

Expression and purification of recombinant PPARα-∆AB (aa
101–468). The cDNA encoding mouse PPARα with a deletion
of the amino-terminal A/B domain (i.e., encoding PPARα aa
101–468) cloned into a (His)6-tagged bacterial expression vector
(pET-PPARα-∆AB) was a gift from Dr. Noa Noy (Cornell Uni-
versity, Ithaca, NY) (31). Recombinant PPARα-∆AB protein
was expressed in BL21(DE3)pLysS strain of E. coli and purified
by affinity chromatography with cobalt resin (BD Biosciences,
Clontech, Palo Alto, CA) as described earlier (7). The purified
recombinant PPARα-∆AB protein eluting from the column was
dialyzed against a buffer containing 10 mM Hepes (pH 8.0), 0.1
mM EDTA, 1 mM DTT, 400 mM KCl, and 10% glycerol, and
stored in 25% glycerol at −80°C. Protein purity was assessed by
SDS-PAGE and Western blotting as described earlier (7,31). 

Expression and purification of recombinant ACBP, SCP-2,
and L-FABP. Murine recombinant L-FABP (27), human recom-
binant SCP-2 (12), and murine recombinant ACBP (28,29)
were purified as described in the cited papers. Protein purity
was also determined by SDS-PAGE, silver staining, and West-
ern blotting as described therein. 

Analysis of LCFA-CoA content and distribution in purified
recombinant HNF-4α and in E. coli cells expressing HNF-4α.
After a known amount of 17:0-CoA internal standard was added
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to each sample, total LCFA-CoA were extracted from purified
full-length HNF-4α (aa 1–455), HNF-4α truncation mutants
(i.e., HNF-4α-E, aa 132–370, and HNF-4α-E-F, aa 132–455),
and cell homogenate of E. coli expressing full-length HNF-4α,
by a solid-phase extraction procedure (32). The LCFA-CoA
were then converted to fluorescent etheno CoA esters and re-
solved by HPLC with fluorescence detection (33). Comparison
with the known standard LCFA-CoA in this procedure allowed
determination of the total mass of LCFA-CoA/mg protein, mass
of the individual LCFA-CoA species/mg protein, and relative
percentage distribution of individual LCFA-CoA species basi-
cally as described earlier (34). 

Analysis of free LCFA content of purified recombinant HNF-
4α and E. coli expressing HNF-4. Purified full-length HNF-4α
and bacterial cell homogenate were analyzed for total FFA
using a Waco NEFA C test kit (Waco Chemicals USA, Inc.,
Richmond, VA) following the procedures provided by the man-
ufacturer. A reagent blank, specimen blank, and standard curve
with a known amount of FA were run as suggested.

Determination of HNF-4α protein concentration in E. coli
expressing HNF-4α. E. coli cells expressing HNF-4α were
lysed by sonication in the presence of protease inhibitor cock-
tail used for purification of His-tagged proteins from Sigma.
The unbroken cells and debris were removed by centrifugation
at 50,000 × g for 10 min at 4°C. The supernatant was used to
determine: (i) total protein by the BCA Protein Assay kit from
Pierce (Rockford, IL) and (ii) HNF-4α protein by SDS-PAGE
and Western blot analysis as described previously (2,26).
Quantitative estimation of HNF-4α protein in Western blots
was performed by densitometric analysis after image acquisi-
tion using a single-chip CCD (charge-coupled device) video
camera and a computer workstation (IS-500 system; Alpha In-
notech, San Leandro, CA). Image files were analyzed (mean 8-
bit gray-scale density) using NIH Image (available by anony-
mous FTP). To obtain the HNF-4α protein concentration in the
bacterial lysate supernatant samples, the HNF-4α pixel density
in Western blots of bacterial lysate supernatant samples was
compared with that of known amounts of pure recombinant
His-tagged HNF-4α protein run as standards on the same blot. 

Stability of LCFA-CoA under conditions used to crystallize
N- and C-terminal truncation mutants of HNF-4α: Effect of
ACBP. Equal concentrations of the three most prevalent cytosol-
ic acyl-CoA binding proteins (ACBP, SCP-2, L-FABP), full-
length HNF-4α (aa 1–455), HNF-4α-E-F (aa 132–455), HNF-
4α-E-F (aa 132–410), and HNF-4α-E (aa 132–370) were indi-
vidually incubated with 16:1-CoA (1:1 molar ratio of protein
to 16:1-CoA) at room temperature in a buffer system previ-
ously described for HNF-4α-E (aa 132–382) crystallization
[0.1 M sodium citrate, pH 8.0, 0.7 M ammonium acetate, 16%
2-methyl-2,4-pentanediol (MPD), and 10 mM DTT] (18).
16:1-CoA in buffer only was used as a blank for autohydroly-
sis in the absence of protein under the same conditions. After 1
d, 1 wk, and 3 wk, aliquots of the mixtures were taken and a
known amount of 17:0-CoA internal standard was added to
each sample as well as to a fresh aliquot of 16:1-CoA in buffer

without protein and without incubation. The amount of remain-
ing 16:1-CoA was determined by extracting the 16:1-CoA
using a solid-phase extraction procedure (32), converting the
16:1-CoA to fluorescent etheno CoA esters (33), and analyzing
by HPLC with a fluorescence detector (33) as described earlier
(34).

Stability of LCFA-CoA in the crystallization buffer used in
PPARα LBD X-ray studies. PPARα-∆AB or ACBP, both at 0.5
µM, were incubated with equimolar 16:1-CoA at room temper-
ature in each of the following buffers previously used for
PPARα LBD protein crystallization: (i) buffer 1 (5.5–9.6%
PEG 35K, 50 mM di-ammonium hydrogen citrate, pH 4.9, 50
mM 1,3-bis-tris-propane (BTP), pH 7.0, 10% MPD (35); (ii)
buffer 2 (10 mM Tris, pH 8.0, 75 mM sodium chloride, 5%
glycerol, 0.5 mM tris-2-carboxyethyl)-phosphine hydrochlo-
ride, 1.6 M sodium formate, 50 mM Hepes, pH 7.5) (17). 16:l-
CoA alone without added protein was used in each buffer for
comparison. After 1 d, 1 wk, and 3 wk, aliquots of the mixtures
were analyzed for remaining 16:1-CoA as compared with fresh
16:1-CoA controls and fresh 17:0-CoA that was added to each
sample as an internal control. To determine the amount of each
fatty acyl-CoA remaining, the fatty acyl-CoA were extracted
by solid-phase extraction (33), converted to fluorescent etheno
CoA esters, and analyzed by HPLC (33).

RESULTS

LCFA-CoA content of purified recombinant HNF-4α proteins.
In vitro ligand-binding assays have clearly shown that recom-
binant full-length HNF-4α exhibits affinity for LCFA-CoA
several orders of magnitude higher than LCFA in solution
(1–4). Basically similar data are obtained with N-terminal trun-
cation mutants containing the complete E and F domains (1–4).
However, heretofore there have been no reports examining the
presence of endogenously bound LCFA-CoA in purified re-
combinant full-length HNF-4α or in N-terminal truncation mu-
tants of HNF-4α containing the complete E and F domains.
Therefore, the content of LCFA-CoA in recombinant full-
length HNF-4α (aa 1–455), as well as in its truncation mutants
HNF-4α-EF (aa 132–455) and HNF-4α-E (aa 132–370), in so-
lution was determined as described in the Materials and Meth-
ods section. However, no LCFA-CoA were detected in either
the full-length HNF-4α (aa 1–455) or its truncation mutants
containing the complete ligand-binding E and negative-regula-
tory F domains, i.e., HNF-4α-E-F (aa 132–455). Interestingly,
the N-terminal and C-terminal truncation mutant HNF-4α-E
(aa 132–370) also did not contain any detectable endogenously
bound LCFA-CoA. The latter observation confirmed earlier
data from X-ray crystals of such N- and C-terminal HNF-4α
truncation mutants that contained bound LCFA, but not LCFA-
CoA (18,19).

LCFA-CoA and free LCFA content of E. coli expressing the
full-length HNF-4α. It is important to consider that not only
the affinity for LCFA-CoA vs. LCFA but also the relative avail-
ability of the respective ligands in E. coli will contribute to the
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type of endogenous ligand associated with HNF-4α and its mu-
tants. Therefore, this possibility was examined in E. coli over-
expressing the full-length HNF-4α. The contents of LCFA,
LCFA-CoA, and HNF-4α were determined as described in the
Materials and Methods section. As shown in Table 1, bacterial
cells expressing the full-length HNF-4α contained 4.95 ± 0.62
nmol LCFA/mg total protein, equivalent to 396 ± 50 nmol
LCFA/mg HNF-4α. When expressed on a molar basis, the
molar ratio of LCFA/HNF-4α was 20:1. In contrast, E. coli
contained much less LCFA-CoA, only 54.5 ± 4.5 pmol/mg
total bacterial protein (Table 2). When expressed on the basis
of HNF-4α content, this was equivalent to 4.36 ± 0.36 nmol
LCFA-CoA/mg HNF-4α (Table 1). Thus, the molar ratio of
LCFA-CoA/HNF-4α in bacterial extract was only 0.22:1. 

LCFA-CoA composition of E. coli cells expressing HNF-4α.
The acyl chain length and level of saturation of endogenous
LCFA associated with HNF-4α constructs isolated from bacte-
rial extracts differ substantially from that present in bacteria
(3,18). For example, even though 16:0 and 18:1 are the most
abundant LCFA present in E. coli, full-length HNF-4α (Hertz,
R., personal communication), HNF-4α-E-F (aa 132–455) (3),
or HNF-4α (aa 132–383) (19) contain 50–65% of 16:1, an
LCFA barely detectable in bacteria (3,36). This finding cannot
be explained simply on the basis of differences in affinities of
the HNF-4α constructs (1–4). Instead, high endogenous 16:1
bound to HNF-4α constructs might reflect that in the bacterial
LCFA-CoA pool, rather than in the LCFA pool. Hydrolysis of
the bound LCFA-CoA during recombinant protein isolation
could then account for the high endogenous 16:1 associated
with the HNF-4α constructs. To examine this possibility, the
acyl chain composition of bacterial LCFA-CoA was deter-
mined by HPLC analysis after solid-phase extraction of bacter-
ial LCFA-CoA. The results showed that the most abundant
LCFA-CoA was 16:1-CoA (34.9 ± 1.1%), followed by signifi-
cantly less 16:0-CoA (13.8 ± 0.4%) and 18:1-CoA (25.8 ±
1.0%) (Table 2). Thus, the acyl chain composition of the bacte-
rial LCFA-CoA pool, rather than that of the LCFA pool, re-

flected the acyl chain distribution of endogenously bound
LCFA in recombinant HNF-4α constructs.

Stability of LCFA-CoA under protein crystallization condi-
tions. Since X-ray crystallography detects only endogenous
LCFA bound in N- and C-terminal truncation mutants of HNF-
4α and HNF-4γ (19), it was concluded that only LCFA are en-
dogenous ligands of HNF-4α and HNF-4γ (18,19). However,
no data were provided supporting the assumption that LCFA-
CoA were stable under the stringent crystallization conditions
used therein. To begin to resolve this issue, the stability of 16:1-
CoA under crystallization conditions (19) was tested, as de-
scribed in the Materials and Methods section. In the crystal-
lization buffer at 24°C, 16:1-CoA quickly decomposed. As
quickly as 1 d at room temperature, 75% of the 16:1-CoA was
degraded (Fig. 1A). Since crystals were typically formed over
periods ranging in weeks, the stability was also examined after
1 and 3 wk. Only 13 and 6.6% of the 16:1-CoA remained in-
tact after 1 and 3 wk, respectively (Fig. 1A). Thus, nearly 94%
of 16:1-CoA was degraded by 3 wk, the time used for crystal-
lizing the HNF-4α N- and C-terminal F domain truncation mu-
tant (19). Thus, the instability of LCFA-CoA in solution, to-
gether with the lengthy isolation procedure required for isolat-
ing the recombinant proteins and, even more so, the 3 or more
weeks at room temperature required for crystallization of such
proteins, likely contributed to the lack of detectable endoge-
nously bound LCFA-CoA therein. 

Effect of HNF-4α (full-length and truncation mutants) on
LCFA-CoA stability as compared with other LCFA-CoA-bind-
ing proteins under protein crystallization conditions. Although
it has been hypothesized that cytosolic LCFA-CoA-binding
proteins may protect LCFA-CoA from being hydrolyzed by in-
tracellular esterases (reviewed in Refs. 8, 27, and 37), nothing
is known regarding the effect of either cytosolic or nuclear
LCFA-CoA-binding proteins on the autohydrolysis of LCFA-
CoA in buffer alone, especially under protein crystallization
conditions. To assess whether LCFA-CoA are protected from
autodegradation in the buffer by association with a binding pro-
tein, the effects of several LCFA-CoA-binding proteins were
examined. 

First, the effect of intracellular LCFA-CoA-binding proteins
such as ACBP, SCP-2, and L-FABP was examined. These cy-
tosolic proteins bind LCFA-CoA with affinities in the order
ACBP > SCP-2 > L-FABP (reviewed in Refs. 8, 9, 11, and 12).
When these proteins were individually incubated at 1:1 molar
ratio with 16:1-CoA under conditions used to crystallize HNF-
4α (i.e., crystallization buffer at room temperature), only the
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TABLE 1 
FFA and Long-Chain Fatty Acyl-Coenzyme A (LCFA-CoA) Content of Escherichia coli Cells
Expressing Hepatocyte Nuclear Factor-4αα (HNF-4αα)a

Ligand/total protein Ligand/HNF-4α Ligand/HNF-4α
Ligand (nmol /mg) (nmol/mg) (mol/mol)

FFA 4.95 ± 0.62 396 ± 50 20
LCFA-CoA 0.055 ± 0.005 4.36 ± 0.36 0.22
FFA/LCFA-CoA 91:1 91:1 91:1
aData presented are mean ± SE (n = 5).

TABLE 2
Composition of LCFA-CoA Thioesters of E. coli Cells Expressing
Recombinant Rat HNF-4ααa

LCFA-CoA % LCFA-CoA %

16:0 13.8 ± 0.4 18:1 25.8 ± 1.0
16:1 34.9 ± 1.1 20:0 12.1 ± 1.4
18:0 5.8 ± 0.9
aFor abbreviations see Table 1.
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highest-affinity proteins (ACBP, SCP-2) significantly reduced,
but did not completely prevent, 16:1-CoA hydrolysis (Fig. 1B).
The lower-affinity protein L-FABP was without effect (Fig.
1B). After 1 d in the presence of ACBP, SCP-2, or L-FABP, the
majority of LCFA-CoA was degraded: 63, 65, and 80%, re-
spectively (Fig. 1B). Thereafter, at longer incubation times only
ACBP significantly protected 16:1-CoA from hydrolysis, al-
beit 81% of available 16:1-CoA was still hydrolyzed after 3 wk
(Fig. 1B). 

Second, the effects of the nuclear receptor HNF-4α (full-
length) and HNF-4α deletion mutants on LCFA-CoA stability
were similarly tested. Although full-length HNF-4α (aa 1–455)
exhibits high affinity (i.e., nM Kd) for LCFA-CoA in in vitro
binding assays (2–4), this did not protect LCFA-CoA from
degradation. Instead, full-length HNF-4α (aa 1–455) enhanced
hydrolysis as compared with incubation in the buffer alone:
nearly 10-fold accelerated conversion of LCFA-CoA to free
LCFA within 1 d of incubation and total degradation at longer
incubation times (Fig. 1A). Similarly, the N-terminal DNA-
binding domain deletion construct, i.e., HNF-4α-E-F (aa
132–455), also exhibits high affinity (i.e., nM Kd) for LCFA-
CoA in in vitro binding assays (2–4), but it did not protect
LCFA-CoA from degradation. Instead, 16:1-CoA hydrolysis
was enhanced ninefold within 1 d of incubation, followed by
total degradation at longer time points (Fig. 1A). Surprisingly,
the N-terminal and partial C-terminal F domain deletion con-
struct, HNF-4α-E-0.5F (aa 132–410), showed some protection
against 16:1-CoA hydrolysis during the first day of incubation
but not thereafter, since 16:1-CoA was degraded to the same
high extent as in the crystallization buffer only at longer incu-
bation times (Fig. 1A). The N-terminal and C-terminal F do-
main deletion construct, HNF-4α-E (aa 132–370), comprising
only the LBD, only weakly binds LCFA-CoA in in vitro bind-
ing assays (4) and had no or little effect on LCFA-CoA degra-
dation. At 1 d and 1 wk of incubation, 16:1-CoA hydrolysis
was the same in the presence of HNF-4α-E (aa 132–370) as for
buffer alone. Only at 3 wk incubation did HNF-4α-E (aa
132–370) slightly enhance 16:1-CoA hydrolysis as compared
with buffer alone.

Stability of LCFA-CoA in the presence of PPARα vs. ACBP.
To determine whether the unusual effect of HNF-4α to enhance
LCFA-CoA degradation was a unique feature of this nuclear
regulatory protein, the effect of another nuclear receptor that
binds LCFA-CoA, i.e., PPARα (7,20), on LCFA-CoA stability
was examined. Despite the high affinity (very low nM Kd)
PPARα displays for LCFA-CoA, endogenously bound LCFA-
CoA have also not been detected in X-ray crystal structures of
PPARα LBD (17,35). To begin to address this issue, the possi-
bility that LCFA-CoA are unstable under PPARα crystalliza-
tion conditions was considered. To test the stability of LCFA-
CoA under crystallization conditions, aliquots of 16:1-CoA
were incubated in the absence or presence of added LCFA-CoA
binding protein (i.e., PPARα or ACBP) in two types of buffers
previously used to crystallize recombinant PPARα-LBD pro-
tein as described in the Materials and Methods section (17,35).

Solid-phase extraction was then used to determine the propor-
tion of intact vs. hydrolyzed 16:1-CoA, as described in the Ma-
terials and Methods section. 

In the absence of added LCFA-CoA binding protein (i.e.,
PPARα or ACBP), LCFA-CoA was very unstable in the incu-
bation buffers and conditions (room temperature) used to crys-
tallize PPARα LBD. Within 1 d of incubation, 70–75% of the
16:1-CoA was degraded (Figs. 2A,B). By 1 wk, 85–88% of the
16:1-CoA was degraded, and by 3 wk 86–97% was hydrolyzed
(Fig. 2B). These data suggest that by the end of 3–6 wk, typi-
cal conditions used to crystallize the PPARα LBD protein, al-
most no LCFA-CoA would remain intact. However, it must be
considered that protein-bound ligands are typically thought to
be more stable in solution than free ligands. Therefore, the
aforementioned experiments with the two crystallization
buffers were repeated in the presence of LCFA-CoA binding
proteins (i.e., PPARα or ACBP). 

Recently, it was shown that PPAR is a nuclear receptor that
binds LCFA-CoA (15) with very high affinity (low nM Kd) (7).
However, the data indicate that in the presence of the LCFA-
CoA binding protein PPARα, 16:1-CoA was not protected
from degradation (Fig. 2). Instead, depending on the buffer
used and the time period examined, PPAR enhanced 16:1-CoA
degradation by 2- to 10-fold (Fig. 2). In any case, by 3 wk of
incubation all of the 16:1-CoA was degraded in the presence of
PPARα, regardless of the buffer used. 

Although ACBP is primarily a cytosolic protein, low

FIG. 1. Long-chain fatty acyl-coenzyme A (LCFA-CoA) stability under
hepatocyte nuclear factor 4α (HNF-4α) crystallization conditions. 16:1-
CoA was incubated in HNF-4α crystallization buffer (as described in
the Materials and Methods section) in the absence or presence of pro-
teins known to have affinity for LCFA-CoA, in a molar ratio of 1:1, for
various time periods (1 d to 3 wk). (A) Percentage of 16:1-CoA recov-
ered after incubation with full-length HNF-4α or truncated forms of
HNF-4α, such as HNF-4α-E-F [amino acids (aa) 132–455; ligand-bind-
ing domain (LBD) E and negative-regulatory domain F, but missing the
DNA-binding domain], HNF-4α-E-0.5F (aa 132–410; LBD E, but miss-
ing half of the negative-regulatory domain F and all of the DNA-binding
domain), and HNF-4α-E (aa 132–370; LBD E, but missing the negative
regulatory domain F and the DNA-binding domain). (B) Percentage
16:1-CoA recovered after incubation with acyl CoA-binding protein
(ACBP), sterol carrier protein-2 (SCP-2), or liver FA-binding protein (L-
FABP). 
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amounts of ACBP are detected in nuclei, where it interacts with
nuclear receptors to influence transcriptional activity (26). Sim-
ilar to PPARα, ACBP exhibits very high affinity (very low nM
Kd) for LCFA-CoA (8,11,38). In contrast to PPARα, however,
ACBP did not accelerate LCFA-CoA degradation but, depend-
ing on the buffer used, actually protected 16:1-CoA from hy-
drolysis. In buffer 2 (Fig. 2B), but not buffer 1 (Fig. 2A), ACBP
protected 16:1-CoA from degradation at long time points, i.e.,
3 wk, but not at short time points. As shown above, ACBP was
even more protective of 16:1-CoA degradation in another
buffer (i.e., 0.75 M ammonium phosphate, pH 5.0, and 10 mM
DTT) used to crystallize HNF-4α truncation mutants (Fig. 1B). 

DISCUSSION

Despite the importance of nuclear receptors such as HNF-4α
and PPARα in glucose and FA metabolism, relatively little is
known regarding the nature of the endogenous ligands, and in
particular LCFA-CoA associated with these proteins. 

A wide body of evidence is consistent with LCFA-CoA as
putative endogenous, physiologically significant ligands of
these nuclear receptors: (i) In vitro ligand-binding assays per-
formed with the respective full-length proteins (or their N-ter-
minal truncation constructs containing intact C-terminal F do-
mains) clearly demonstrate that these nuclear receptors bind
LCFA-CoA in aqueous buffers with equal (PPARα) (7,20) or
considerably higher (HNF-4α) (2–4) affinities than exhibited
for LCFA. (ii) The nM Kd obtained for LCFA-CoA binding by
direct fluorescence binding assays (2–4,7) are in the same range
as the concentration of LCFA-CoA in the nucleus of living cells
(34). (iii) LCFA-CoA, but not LCFA, alter the conformation of
HNF-4α (1–4,21) and PPARα (7,20). However, under other in
vitro conditions only slight (39) or no (16) effects on confor-
mation of HNF-4α were observed. (iv) Normal LCFA-CoA
and nonhydrolyzable LCFA-CoA modulate the transactivation
of HNF-4α in living cells (3,4,38). (v) Several investigators
used purified recombinant HNF-4α to show that LCFA-CoA,

but not LCFA, regulate HNF-4α homodimer formation and
DNA binding (gel mobility shift) in vitro (1,40). This action is
analogous to LCFA-CoA regulating the binding of Fad-R (an
E. coli DNA-binding protein) to its cognate DNA response ele-
ment in vitro (41). However, the finding that LCFA-CoA reg-
ulates HNF-4α homodimer formation and DNA binding may
depend on the exact conditions used for this in vitro assay
(16,39). (vi) Recombinant purified PPARα has been used to
show that LCFA-CoA or nonhydrolyzable LCFA-CoA analog
binding increases PPARα co-activator recruitment (7). (vii)
Manipulation of cellular LCFA-CoA levels affects HNF-4α
transcriptional activity consistent with LCFA-CoA being en-
dogenous HNF-4α ligands: Fatty acyl-CoA synthase overex-
pression enhances HNF-4α-mediated transactivation, whereas
overexpression of fatty acyl-CoA hydrolase inhibits HNF-4α-
mediated transactivation in living cells (1). Also, treatment
with the fatty acyl-CoA synthase inhibitor triacsin C prevents
suppression of HNF-4α transcriptional activity by inhibitory
proligands (3). 

In contrast to these findings, X-ray crystallographic analysis
does not detect the presence of LCFA-CoA as endogenously
bound ligands in HNF-4α and PPARα. Unfortunately, the X-
ray crystallographic studies are limited by the inability to crys-
tallize the full-length HNF-4α and PPARα. Thus, all available
data were obtained with truncation mutants missing the DNA-
binding domain and all or most of the C-terminal F domain.
For example, X-ray analysis of crystalline recombinant LBD
of both PPARα (17,35) and HNF-4α (18,19) does not contain
any endogenously bound LCFA-CoA. In the case of PPARα, it
is not yet completely clear whether the absence is due to the
fact that the truncated nuclear receptors used for X-ray crystal-
lography do not reflect the properties of the full-length PPARα
or whether other factors contribute to the loss of LCFA-CoA.
With regard to crystals of HNF-4α-E (i.e., the LBD) missing
both the N-terminal DNA-binding domain and most of the C-
terminal F negative regulatory domain, these crystals contain
bound LCFA but not LCFA-CoA (18,19). In vitro binding as-
says performed in solution show that the truncated HNF-4α-E
only binds LCFA with high affinity, but not LCFA-CoA (4),
opposite to what was observed with the full-length HNF-4α or
constructs containing the intact C-terminal F negative regula-
tory domain (2–4). In summary, the X-ray crystallographic
findings with truncated proteins in the absence of water may
not necessarily accurately reflect the endogenously bound lig-
and distribution of the respective full-length proteins in solu-
tion. As shown in the present investigation, several additional
properties of LCFA-CoA and the nuclear receptors themselves
also contribute to the inability to detect endogenously bound
LCFA-CoA in these proteins.

First, the acyl chain distribution of the endogenously bound
LCFA (3,18,19) reflected that of the bacterial LCFA-CoA pool
(Table 2) rather than that of bacterial LCFA (3,18,19). Analy-
sis of the LCFA associated with a variety of HNF-4α constructs
revealed that 16:1 accounted for 50–65% of the total acyl
chains of wild type HNF-4α (3,18,19). Although bacterial
LCFA are enriched in 16:0 and 18:1, the level of 16:1 is barely
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FIG. 2. LCFA-CoA stability under peroxisome proliferator-activated re-
ceptor-α (PPARα) crystallization conditions. 16:1-CoA was incubated
in two different buffers that were previously used to crystallize the
PPARα LBD (as described in the Materials and Methods section) in the
absence or presence of PPARα and ACBP. (A) Buffer 1, as described in
the Materials and Methods section. (B) Buffer 2, as described in the Ma-
terials and Methods section. For other abbreviations see Figure 1.
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detectable in bacterial LCFA (3,18,19). In contrast, within the
bacterial LCFA-CoA pool the 16:1-CoA was the single most
prevalent LCFA-CoA (present data). 

Second, the relative proportions of LCFA-CoA and LCFA
in the recombinant bacteria heavily favored the availability of
LCFA over LCFA-CoA for binding to the recombinant nuclear
receptor proteins and their truncation mutants. The bacteria
contained nearly 100-fold more LCFA than LCFA-CoA. Fur-
thermore, the total concentration of LCFA-CoA was so low as
to be sufficient for binding to only 20% of the available HNF-
4α. Thus, even if the endogenous LCFA-CoA was not de-
graded during isolation of the respective recombinant proteins
or by the nuclear receptors themselves, the vast majority of
available nuclear receptor ligand-binding sites would be ex-
pected to be occupied by LCFA rather than LCFA-CoA.

Third, LCFA-CoA were unstable in the aqueous buffers
used to isolate HNF-4α and PPARα or to crystallize the respec-
tive N- and C-terminal truncation mutants of HNF-4α and
PPARα. Nearly 75–80% of LCFA-CoA was degraded by 1 d
incubation in buffer alone. By 3 wk or longer, the incubation
typically required to obtain crystalline protein, more than 97%
of LCFA-CoA was degraded. Thus, the intrinsic instability of
LCFA-CoA thioesters in aqueous buffers alone can signifi-
cantly contribute to the inability to detect endogenously bound
LCFA-CoA in the full-length nuclear receptors in solution or
in crystals of truncation mutant proteins.

Fourth, although it is commonly assumed that bound lig-
ands are more stable than in solution, this was the case for cy-
toplasmic LCFA-CoA binding proteins, but not the nuclear
LCFA-CoA binding proteins. For example, the cytoplasmic
LCFA-CoA-binding proteins ACBP, SCP-2, and L-FABP
bound and protected LCFA-CoA from degradation directly in
proportion to their relative affinities for this ligand. ACBP ex-
hibits not only the highest affinity for LCFA-CoA in this group
(reviewed in Refs. 8, 11, and 38), but was the most protective
of LCFA-CoA hydrolysis. In fact, freshly isolated recombinant
ACBP contains some detectable endogenously bound LCFA-
CoA (42). In contrast, neither HNF-4α nor PPARα protected
LCFA-CoA from degradation, but instead significantly accel-
erated LCFA-CoA hydrolysis by nearly 10- and 2-fold, respec-
tively, within 1 d of incubation. Longer incubation periods re-
duced LCFA-CoA levels to almost nothing. Therefore, it is not
surprising that despite the high affinities of full-length HNF-
4α (aa 1–455) for LCFA-CoA, lipid extraction of full-length
HNF-4α (aa 1–455) or HNF-4α truncation mutants and subse-
quent analysis did not detect the presence of endogenously
bound LCFA-CoA (3,4,18,19). Instead, endogenously bound
LCFA was detected even though LCFA is a much lower-affin-
ity ligand for the respective proteins. 

Together, the latter findings suggest that this enzymatic ac-
tivity of nuclear receptors could operate to shut down LCFA-
CoA-induced transcription activation/inhibition by LCFA-CoA
processing such that it would not further affect the transcrip-
tion activation function. Most models of molecular mecha-
nisms underlining the ligand-induced activation function of nu-
clear receptors do not explain how the ligand effect is dimin-

ished and eliminated after the fact of modulation. Several pos-
sibilities could be considered: (i) The ligand is chemically mod-
ified (esterified, hydrolyzed, etc.) so that its binding in the LBD
is reduced. In this case, the enzymatic activity required to mod-
ify the bound ligand could either be the nuclear receptor itself
(as shown herein for HNF-4α and PPARα) or an entirely dif-
ferent protein proximal to it; (ii) complex formation of nuclear
receptor molecules with co-activators/co-repressors may in-
duce further conformational changes of the nuclear receptor,
resulting in reduced affinity for the ligand and even its release
from the binding site. Our data demonstrated that, like HNF-
4α, PPARα hydrolyzed LCFA-CoA to free LCFA, and the ef-
fect of the catalytic activity of these nuclear receptors on the
ligand-induced transcriptional activation function deserves fur-
ther study. Taken together, these findings may help to explain
the absence of endogenously bound LCFA-CoA, the presence
of endogenously bound LCFA, and the acyl composition of the
endogenously bound LCFA detected in a variety of recombi-
nant HNF-4α proteins (3,19).

Finally, although the exact identity and structure of the es-
terase sites in HNF-4α and PPARα remain to be determined,
comparisons with known long-chain acyl-CoA hydrolases/
thioesterases may provide some insights. Long-chain acyl-CoA
hydrolases/thioesterases are enzymes that catalyze the hydrol-
ysis of fatty acyl-CoA to the corresponding FFA and CoA.
Long-chain acyl-CoA hydrolases from rat liver microsomes
(43,44), from rat liver and brain cytosol (45,46), and from rat
liver mitochondria and peroxisomes (47,48) have been purified
and characterized, demonstrating a wide variety of structures
and mechanisms of catalysis. The long-chain acyl-CoA hydro-
lases from liver and brain cytosol are serine or cysteine-depen-
dent esterases with a catalytic triad consisting of a nucleophile
(serine or cysteine), an acidic group (aspartic or glutamic acid),
and a histidine (43,46). Other forms of acyl-CoA hydrolases
like those found in mitochondria and peroxisomes have an ac-
tive site serine motif (Gly-X-Ser-X-Gly) common to carboxyl
esterases and lipases in general (47,48). Although the existing
X-ray crystal structures do not provide structural data on the F
domain in HNF-4α (19,49) or in HNF-4γ (coded by a com-
pletely different gene and sharing only 37% sequence homol-
ogy in the F domain with that of HNF-4α) (18), structural and
sequence comparison with other long-chain acyl-CoA hydro-
lases/thioesterases suggests several possibilities comprising a
potential hydrolytic/esterasic site. With regard to the catalytic
motif of typical esterases containing a Gly-X-Ser-X-Gly motif,
analysis of the full-length HNF-4α aa sequence indicated that
there was no Gly-X-Ser-X-Gly motif within the LBD E (aa
132–370), the negative regulatory domain F (aa 371–455), or
in any other parts of the protein. However, several residues of
Ser, Cys, Glu/Gln, Asp/Asn, and His were present within the
LBD E (aa 132–370) and the negative regulatory domain F (aa
371–455), suggesting that the acyl-CoA hydrolytic activity of
HNF-4α may be explained by a coordinated action of Ser/Cys,
Glu/Gln (or Asp/Asn), and His residues forming a 3-D triad
positioned around the acyl-CoA thioester linkage. These aa can
be separated by a variable number of aa, as long as the active
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head groups are in the proper orientation to form a triad. The
data presented herein demonstrated that only full-length HNF-
4α (aa 1–455) and the truncation mutant containing the entire
F domain (aa 132–455) exhibited acyl-CoA hydrolysis. In con-
trast, the truncation mutants containing a small part of the F do-
main (i.e., aa 132–410) or no F domain at all (i.e., aa 132–370)
had no hydrolytic activity. Examination of the X-ray crystal
structure of a truncated HNF-4α comprising the LBD (aa
132–382) (19,49) suggests that Cys246 and Glu184 are close
to the carboxylic end of the FFA within the FA binding site.
Only one histidine residue (His218) is present in the LBD (aa
132–382), but this residue is not close to the bound FA or FA
carboxylate. Instead, the His involved in the catalytic activity
could be provided by a histidine-rich sequence within the F do-
main (i.e., aa 371–455 containing His375, His377, His378,
His381, His383, His388, and His402). The fact that the HNF-
4α truncation mutant consisting of aa 132–410 did not exhibit
acyl-CoA hydrolysis indicated that at least one of the three
amino acids of the catalytic triad was missing. The HNF-4α F
domain contains six serine residues (Ser427, Ser430, Ser432,
Ser434, Ser436, and Ser452) and two Glu residues (Glu422 and
Glu435) in the region between aa 411 to 455. These considera-
tions would suggest that one or more of these Ser and/or His
residues in the F domain, together with a Glu residue in the
LBD E, could form a 3-D catalytic triad that accounts for the
esterasic activity of HNF-4α. 

Analysis of the PPARα aa sequence and structure (17) also
suggests several possible esterasic motifs: (i) Analysis of the
aa sequence of the LBD of PPARα reveals a potential SerX-
HisXAsp motif (i.e., aa 414–418). However, as for the HNF-
4α LBD, the crystal structure shows that these amino acids are
not in the proper orientation/proximity to form an active es-
terase triad. (ii) Another potential esterase motif comprising
Cys, Glu, His, and Asp is found at aa 191–194 of the PPARα
(within the DNA-binding domain). However, since this region
has not been crystallized, it is impossible to determine the ori-
entation of the amino acids. Further, the presence of this region
within the DNA-binding domain would suggest that it is not
responsible for the acyl-CoA hydrolysis noted with the
PPARα. (iii) Another potential esterase motif that may account
for PPARα hydrolytic activity is composed of Gly, Ser, and Gly
with one to two aa between them (50). Although a similar
glycine- and serine-rich motif is present in the A/B domain of
PPARα, comprising aa 42–50 (GlyXXSerSerGlySerXGly),
this region is outside the area used for the crystallization stud-
ies and the recombinant protein used for the experiments de-
scribed herein. Therefore, it is unlikely that this region was re-
sponsible for the acyl-CoA hydrolysis demonstrated in the Re-
sults section. (iv) Finally, a conserved motif of Cys, His, and
Cys (formed by orientation rather than sequence order) has
been suggested to serve as the catalytic site for thiolases (51).
Examination of the X-ray crystal structure of PPARα reveals
the presence of such a motif comprised of C278 folding in to
interact with H274 and C275. The orientation of this motif and
its location within the ligand-binding site suggests that this may
represent an active thiolytic site. In summary, although the

exact structure and location of the esterase sites in HNF-4α and
PPARα are not known, examination of the respective aa se-
quences and available structures of truncation mutants of these
proteins suggests several possible motifs consistent with those
of known fatty acyl-CoA hydrolase/esterase enzymes. 
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ABSTRACT: We investigated the changes in human LDL pri-
mary and secondary lipid oxidation products and modification of
the apolipoprotein B-100 (apoB-100) secondary structures during
Cu2+-mediated oxidation by FTIR spectroscopy in the presence
of catechin, quercetin, and α-tocopherol at physiological concen-
trations. Catechin- and quercetin-containing samples had slower
rates and longer lag phases for conjugated diene hydroperoxide
(CD) formation than α-tocopherol-containing samples; however,
all antioxidant-treated LDL samples generated similar CD levels
(P < 0.05). A lower maximum (98.4 nmol/mg LDL protein) of car-
bonyl compounds was produced in the quercetin- and catechin-
treated samples than in α-tocopherol samples. Modification of
the apoB-100 secondary structures corresponded closely to the
formation of carbonyls and was hampered by the presence of an-
tioxidants. Physiological concentrations of catechin and
quercetin offered similar levels of protection against modification
by carbonyls of the apoB-100 at advanced stages (carbonyls
~96.0 nmol/mg LDL protein) but not at the intermediate stages
(carbonyls ~58.0 nmol/mg LDL protein) of LDL oxidation proba-
bly owing to differences in the protein-binding mechanisms of
catechin and quercetin. Relationships between peroxide forma-
tion, carbonyl products, and LDL protein denaturation were
shown by the FTIR approach. The FTIR technique provided a sim-
ple new tool for a comprehensive evaluation of antioxidant per-
formance in protecting LDL during in vitro oxidation. 

Paper no. L9776 in Lipids 40, 569–574 (June 2005).

Oxidation of human LDL occurs in vivo, and oxidatively mod-
ified LDL seem to play a crucial role in several degenerative
diseases, including atherosclerosis (1). One possible oxidative
mechanism involves LDL PUFA peroxidation initiated by free
radicals (2). The lipid hydroperoxides so formed cleave to form
highly reactive aldehydes that react with lysine residues on the
LDL apolipoprotein B-100 (apoB-100). These apoB-100
changes, and possibly other LDL oxidation-related changes,
increase LDL recognition and uptake by the scavenger recep-
tors on macrophages and decrease LDL uptake by the hepatic

apoB/E receptor (LDL receptor), which is primarily responsi-
ble for removing LDL from the circulation. These alterations
are believed to be associated with the development of athero-
sclerosis (2). 

Dietary intake of antioxidants such as vitamin E and
flavonoids influences lipoprotein metabolism (3). Dietary
flavonoids of significance include the flavonol quercetin, which
is found in apples, onions, tea, and red wine, and the flavan-3-
ol catechin, which is one of the most abundant flavonoids in
foods especially in green tea and red wine (4). Epidemiological
studies show an inverse relationship between dietary or plasma
levels of naturally occurring antioxidants such as vitamin E (5),
catechin, and quercetin (6) and the incidence of stroke or coro-
nary artery disease. Vitamin E, catechin, and quercetin are
chain-breaking free radical scavengers and prevent lipid perox-
idation and modification of LDL proteins both in vitro and in
vivo (7).

The progression of LDL oxidation and the influence of an-
tioxidants on LDL oxidation have previously been followed by
measuring the formation of either hydroperoxide or carbonyl
groups. IR spectroscopy has also been used to investigate apoB-
100 modifications during LDL oxidation and provide insight into
the changes in the α-helix, β-sheet, and β-turn structures (8).
This technique is rapid, requires only a small sample, and pro-
vides information on functional group composition. We have
demonstrated that FTIR can be used to quantify LDL lipid pri-
mary and secondary oxidation products as well as changes in
LDL protein conformations (9). Studies that simultaneously
measure the primary and secondary oxidation products of
lipoprotein lipids and of apoB-100 conformational changes and
their interrelation are rare. Given that the apoproteins are recog-
nition factors for LDL uptake, protection of their integrity may
be of paramount concern in ameliorating arteriosclerosis. There-
fore, the relative efficacy of a given antioxidant in protecting
apoB conformation  against lipid oxidation needs investigation.
It is unknown how changes in LDL lipids and apoB-100 struc-
tural conformations proceed during LDL oxidation in the pres-
ence of antioxidants such as vitamin E and flavonoids.

In the present study, we used the FTIR techniques developed
in our laboratories (9) in combination with band-fitting proce-
dures to simultaneously evaluate the production of primary and
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secondary oxidation products and apoB-100 modifications in the
presence of the antioxidants quercetin, catechin, and α-tocoph-
erol during LDL oxidation. Integrated intensities of the fitted
component of LDL spectral bands were measured and analyzed
to obtain the relative concentrations of the LDL lipid compo-
nents and protein conformational structures.

The objective of this study was to measure by FTIR the for-
mation of lipid hydroperoxides and carbonyls, the modification
of apoB-100, and the effectiveness of α-tocopherol, quercetin,
and catechin on the rate of in vitro LDL oxidation at reported
physiologic concentrations.

EXPERIMENTAL PROCEDURES

Materials. Quercetin (3,3′,4′,5,7-pentahydroxyflavone) dihy-
drate, (+)-catechin hydrate, and (±)-α-tocopherol were ob-
tained from Sigma-Aldrich (St. Louis, MO).

LDL isolation. Blood samples from five fasting human
males were obtained in vacutainers containing 1 mg/mL EDTA
and centrifuged for 10 min at 2000 × g and 4°C to separate the
plasma. Human LDL were isolated from the fresh human
plasma by sequential floating ultracentrifugation, according to
the method described by Lam et al. (9). The protein content of
LDL was determined according to Lowry et al. (10) with BSA
as a standard. LDL samples were desalted to remove EDTA
using 3.5-mL PD-10 gel filtration columns (Supelco, Belle-
fonte, PA) pre-equilibrated with phosphate buffer (pH 7.4) im-
mediately before the oxidation study.

In vitro LDL oxidation. Prior to oxidation, all LDL samples
were diluted to a final concentration of 50 µg of protein/mL with
EDTA-free phosphate buffer (pH 7.4). The in vitro oxidation of
LDL was performed in the absence (control) or presence of 0.5
µM quercetin, 2.0 µM catechin, and 0.05 µM α-tocopherol (in
ethanol) per mg LDL protein, as previously described (9). The
concentrations of quercetin, catechin, and α-tocopherol used in
this study corresponded to those reported in human plasma
(4,11,12) and will from here on also be referred to as their physi-
ological concentrations. Oxidation was initiated by adding
freshly prepared CuCl2·2H2O solution (final concentration 5
µmol/L) in duplicate samples at 37°C. The LDL samples from
the five donors were incubated individually.

IR spectroscopy. Duplicate 30-µL aliquots, taken every 5
min for 6 h from LDL incubated at 37°C, were evenly spread
on one side of a multi-bounce attenuated total reflectance
(ATR) window (Thermo Electron Corp., Madison, WI). The
aliquots were allowed to dry under a steady stream of nitrogen
to produce films (9). The spectra of the phosphate buffer con-
taining the antioxidants were collected under the same condi-
tions as the LDL sample spectra. FTIR spectra of the films were
recorded at 22°C using a Nexus 670 spectrometer (Thermo
Electron Corp.) equipped with a deuterated triglycine sulfate
detector scanning over the frequency range of 4000–400 cm−1

at a resolution of 4 cm−1. Spectra were collected by using rapid-
scan software running under OMNIC (Nicolet, Madison, WI),
and the spectrum for each sample was calculated from the av-
erage of 100 repetitive scans. The internal reflection element

was a Spectra-Tech ZnSe ATR trough plate crystal with an
aperture angle of 45° generating seven bounces. A reference
background absorbance spectrum was taken by scanning the
clean and dry ATR crystal. 

LDL conjugated diene and total carbonyls determinations.
The primary and secondary products of LDL lipid oxidation
were determined by predicting the conjugated diene hydroper-
oxide (CD) and total carbonyl contents from a calibration
model obtained by partial least squares (PLS) regressions using
the LDL spectral regions 1800–1500 cm−1 as described previ-
ously (9). Six LDL spectra from each of the four treatments
(control, catechin, quercetin, and α-tocopherol) were selected
to constitute a calibration set of 24 spectra of varying CD con-
tents. The spectra (1800–1500 cm−1) of the four LDL treat-
ments at similar CD and total carbonyl contents were not sig-
nificantly different (data not shown). 

LDL protein secondary structures analysis. Quantitative in-
formation on the protein structure was obtained by decompos-
ing the amide I band into its constituents. Spectral resolution
enhancement was performed according to Byler and Susi (13)
and the decomposition of amide I band conducted using the
peak-fitting routine under Grams/AI (Thermo Galactic, Salem,
NH). The frequencies of the overlapping amide I band compo-
nents were obtained by calculating the second-derivative spec-
tra. Band shapes were fitted with weighted sums of Gaussian-
Lorentzian functions as described previously (14). The decon-
volution parameters used for the amide I band were set with
half-bandwidth at half-height at 10 cm−1 and a resolution en-
hancement factor, K, of 1.0. The intensities of the amide I band
components were obtained and expressed as the area under the
curve.

Data analysis and statistics. The area percentages of the
amide I band components were reported as the mean of the du-
plicate samples. Differences between antioxidant experimental
groups were determined by the Student’s t-test.

RESULTS AND DISCUSSION

LDL CD. Figure 1 shows the FTIR/PLS-predicted primary
LDL oxidation products expressed as CD content in the pres-
ence or absence of antioxidants at physiological antioxidant
concentrations. The classic three phases of lipid oxidation,
namely, the lag, propagation, and decomposition, were evident.
However, a second propagation phase then developed after the
decomposition phase, probably due to formation of unsaturated
aldehyde oxidation products (15). The second propagation
phase proceeded with similar patterns but attained higher lev-
els in the control and α-tocopherol samples than in the
quercetin and catechin samples, suggesting that the presence of
flavonoids interfered with the release of the unsaturated alde-
hyde oxidation products.

Table 1 summarizes the effect of the presence of antioxi-
dants on the formation of conjugated dienes as predicted by
FTIR/PLS and shown in Figure 1. The presence of 0.5 µM
quercetin, 2.0 µM catechin, and 0.05 µM α-tocopherol re-
sulted in peak CD values of 8.0, 7.8, and 8.3 nM/mg LDL
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protein, respectively, after the first propagation phase. The
control samples produced higher contents of CD (9.8 nM/mg)
than those produced in the presence of antioxidants. The de-
composition phase, representing a decline in concentrations
after the peak values, was longest in the control samples, fol-
lowed by samples treated with 0.5 µM quercetin and 2.0 µM
catechin, which had similar duration, and shorter in samples
containing 0.05 µM α-tocopherol. The decomposition rates
of the hydroperoxides were, however, similar probably owing
to the fact that chain-breaking antioxidants influence the au-
tocatalytic phase of lipid peroxidation rather than the perox-
ide decomposition phase (7). 

LDL carbonyl compounds. Figure 2 presents the time course
of FTIR/PLS-predicted generation of carbonyls as secondary
oxidation compounds from the decomposition of lipoprotein
lipid hydroperoxides. Carbonyl formation progressed through
a gradual, exponential, and stabilized phase for all samples in-
cubated with or without antioxidants. The carbonyls formed
stabilized after the exponential phase even though CD was still

being produced, probably as a result of the binding of carbonyls
to the lipoprotein residues (2). The period of gradual increase
corresponded to the respective propagation phase of predicted
CD formation whereas the exponential increase in carbonyls
corresponded to the respective decomposition phase of the pre-
dicted CD formation profiles (Fig. 1). Predicted total carbonyl
formation rates were slower and the gradual phase of carbonyl
formation longer in the presence of the antioxidants as com-
pared with those of the control. The predicted total levels of
carbonyl compounds formed were similar in the 0.5 µM
quercetin- and 2.0 µM catechin-treated samples but lower than
those in the control and samples containing 0.05 µM α-tocoph-
erol. This may be attributed to the inhibiting effect of the
flavonoids on the hydroperoxide formation in LDL (16).

LDL protein secondary structures. Figure 3 is a typical
FTIR spectrum of an LDL sample for the band region between
4000 and 800 cm−1. The absorption bands include a 3280 cm−1

N–H stretch, 2930 and 2850 cm−1 methylene C–H stretches,
and 1735 cm−1 C=O stretch. The band between 1700 and 1600
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FIG. 1. Inhibition of production of lipoprotein lipids primary oxidation
products by 2.0 µM catechin, 0.5 µM quercetin, and 0.05 µM α-to-
copherol predicted by FTIR spectra as conjugated diene hydroperoxide
content. Control has no antioxidant. 

TABLE 1
Conjugated Diene Hydroperoxide (CD) Formation Rates and Profiles at the First Propagation and Decomposition
Phases During LDL Incubation at 37°C With and Without Antioxidantsa (n = 10)

Lag time Propagation Maximum Decomposition Duration of decomposition
Treatment (min) rateb CDc rateb phase (min)

Control 12a 0.24c 9.81b 0.04a 72c

α-Tocopherol (0.05 µM) 30b 0.18b 8.26a 0.03a 45a

Quercetin (0.5 µM) 42c 0.08a 7.94a 0.02a 51b

Catechin (2.0 µM) 54d 0.04a 7.83a 0.02a 54b

aValues followed by same letter in a column are not significantly different at P < 0.05.
bRates expressed as nmol/mg LDL protein/min.
cCD concentration expressed as nmol/mg LDL protein.

FIG. 2. Formation of lipoprotein lipids carbonyl oxidation products pre-
dicted by FTIR spectra in LDL incubated without (control) or with cate-
chin, quercetin, and α-tocopherol.



cm−1 represents the amide I band arising mainly (>80%) from
the stretching vibrations of the apoB-100 peptide bond C=O
(8). The amide II band is centered at 1550 cm−1, C–H scissor-
ing at 1460 cm−1, P=O stretching at 1250 cm−1, and C–O vi-
brations in the bands between 1200 and 800 cm−1. The protein
of LDL accounts for the NH bands, the lipids mainly account
for the methylene C–H and carbonyl bands, and the phospho-
lipids are responsible for the band at 1250 cm−1. The band at
1735 cm−1 increased in intensity with longer LDL incubation
(data not shown), suggesting that it was due to the C=O groups
from hydroperoxide decomposition. 

Figure 4 shows a typical composition of the components
of apoB-100 secondary structures obtained after amide I band
decomposition for LDL samples with or without antioxidants.
The compositions of the apoB-100 secondary structures were
similar (P < 0.05) in LDL samples incubated in the presence
or absence of antioxidants. This indicates that the presence of
antioxidants or antioxidant type did not affect the quantifica-
tion of the apoB-100 components. The apoB-100 secondary
structures have previously been assigned (8,17,18). The band
at 1616 cm−1 was assigned to β-strands, a structure that ex-
tends from the monolayer on the LDL outer shell to the inner
core. Bands centered at 1680, 1670, and 1663 cm−1 arise from
β-turns, and bands at 1697, 1631, and 1625 cm−1 are due to
β-sheet. The band at 1643 cm−1 is due to the random (un-
ordered) structure and that at 1651 cm−1 is due to the α-helix
structure of the apoB-100.

Figure 5 represents a profile of changes in the ratio of ran-
dom structure to α-helix structures of apoB-100 during LDL
incubation with or without antioxidants, as an indicator of pro-
tein denaturation. The ratio of random to α-helical structures
exhibited an initial gradual increase, followed by an exponen-
tial increase and a subsequent stabilization. The changes re-
flected the gradual, exponential, and stabilized phases of the
carbonyl formation profile (Fig. 2). The similarity in pattern
may be due to the modification of the amino acid residues of

apoB-100 by the carbonyls generated during oxidation (19). The
highest rate of apoB-100 denaturation corresponded to the expo-
nential phase of carbonyl formation, reinforcing the fact that the
random structures are formed during carbonyl modification of
the apoB-100 α-helix structure (8). The control sample produced
the highest ratios, followed by samples containing 0.05 µM
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FIG. 3. Representative mid-IR spectrum of an LDL film showing the
band assignment of observed bands including the amide I band
(1700–1600 cm−1) that was decomposed into its components.

FIG. 4. Percentage composition of the amide I band components (mean
± SD, n = 2), centered at different band frequencies, of LDL samples
drawn at 10 min of incubation. Amide I band components at each
wavenumber for LDL samples with or without antioxidants are not sig-
nificantly different (P < 0.05). 

FIG. 5. The modification of apolipoprotein B-100 secondary structures,
expressed as the ratio of random to α-helix structures during LDL oxi-
dation, in the presence of catechin, quercetin, and α-tocopherol. Con-
trol has no antioxidant.



α-tocopherol, and samples with 0.5 µM quercetin and 2.0 µM
catechin produced the lowest ratios. The pattern and rates of
denaturation in the presence or absence of antioxidants re-
flected the pattern of carbonyl formation. However, differences
observed between antioxidants, other than those due to concen-
tration difference, probably reflected their solubilities and par-
titioning behavior between the aqueous and lipid phases in the
LDL system and the α-helix structure location within the apoB-
100 particle. The α-helix structures are located close to the sur-
face of the apoB-100 particle, and the LDL molecule is sur-
rounded by a monolayer of hydrophilic phospholipids (8). This
implies that the more hydrophilic flavonoids would partition
into the aqueous buffer layer surrounding the LDL molecule
and provide better protection to the α-helix against carbonyl
modification than the more lipophilic α-tocopherol as observed
in this study. The α-tocopherol might also form micelles in the
LDL-containing buffer solution that would render them less
available for antioxidant activities on the LDL particles. It has
previously been pointed out that the effectiveness of an antiox-
idant is influenced by its location within the system (20).

Effect of antioxidants on LDL protein secondary structure.
Table 2 shows a comparison of the relationship between FTIR
band intensities of carbonyls (1735 cm−1) and of apoB-100 α-
helix (1651 cm−1) and β-sheet (1632 cm−1) structures at the
58.0 and 96.0 nmol/mg total carbonyls stages of LDL oxida-
tion in the presence or absence of antioxidants. The stages of
carbonyl formation selected for each treatment were the inter-
mediate carbonyl level (58.0 nmol/mg protein) and the high
carbonyl level (96.0 nmol/mg protein). The band ratios
1735/1651 and 1735/1632 cm−1 may be considered as an indi-
rect measurement of the amount of aldehydes C=O groups rel-
ative to α-helix and β-sheet structures, respectively, in oxidized
LDL. These band ratios could therefore indirectly represent the
extent of modification of the α-helix and β-sheet structures by
the aldehydes. 

The 1735/1651 and 1735/1632 cm−1 band ratios at the 58.0
nmol/mg LDL protein of total carbonyl stage were highest in
the control samples, followed by samples containing α-tocoph-
erol, quercetin, and catechin. At the total carbonyls of 96.0
nmol/mg LDL protein stage, the 1735/1651 and 1735/1632

cm−1 band ratios increased but remained highest in the control
samples, followed by α-tocopherol-containing samples. The
ratios were not significantly different between the quercetin-
and catechin-containing samples but lower than those in α-to-
copherol-treated samples. This may be attributed to the
flavonoids binding to the apoB-100 and prohibiting LDL ox-
idative modification (21). It indicates that flavonoids, in addi-
tion to prohibiting the propagation phase of LDL oxidation,
may also protect the apoB-100 protein from modification by
the lipid secondary oxidation products.

This study included α-tocopherol, quercetin, and catechin
only at physiological concentrations that represent the actual
quantities reported in vivo; however, differences in concentra-
tions may constrain the objective comparison of their activities
in vitro. The concentrations of catechin in this study were 4 and
40 times higher than those of quercetin and α-tocopherol, re-
spectively, and definitely contributed to the higher antioxidant
activity of catechin observed. The mechanism of action of the
flavonoids and α-tocopherol in vivo may not be just through
direct action as implied in this study but probably through syn-
ergistic activities involving other LDL endogenous antioxi-
dants such as carotenoids. Further studies would be needed
with the antioxidants to clarify their possible effects on LDL
oxidation in vivo. However, the findings of this study may be
relevant and applicable to other flavonoids and lipophilic an-
tioxidants owing to similarities in their structures and chemical
properties. 

In conclusion, the presence of antioxidants increased the
induction period of hydroperoxide generation, and the pres-
ence of flavonoids significantly affected carbonyl formation
more than α-tocopherol in oxidized LDL. The denaturation
of apoB-100 was commensurate with the formation of car-
bonyls but alleviated by the presence of flavonoids. Our data
showed that the presence of the antioxidants catechin,
quercetin, and the α-tocopherol, at physiological concentra-
tions, impeded the formation of primary and secondary oxi-
dation products of lipoprotein lipids and the modification of
apoB-100 in vitro. This suggests that levels of catechin and
quercetin normally found in plasma may influence disease
risks associated with LDL oxidation, as does α-tocopherol,
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TABLE 2
Relative Intensity Ratios of Bands at 1735 (aldehydes C=O) to 1632 (ββ-sheet C=O) and 1735
to 1651 cm−−1 (αα-helix C=O) of Oxidized LDL in the Presence/Absence of Antioxidant

Total carbonyls Intensity ratiosa

(nmol/mg protein) Antioxidant 1735/1651 1735/1632

58 Control 0.79d 0.74d

α-Tocopherol 0.62c 0.50c

Quercetin 0.49b 0.42b

Catechin 0.38a 0.33a

96 Control 1.13c 1.05c

α-Tocopherol 0.92b 0.89b

Quercetin 0.82a 0.70a

Catechin 0.78a 0.68a

aRatios in a column followed by same letter, at each total carbonyls concentration, are not signifi-
cantly different at P < 0.05.



but their relative quantitative importance needs further study.
The present study also demonstrated that FTIR in combina-
tion with chemometrics provided a comprehensive anaysis of
LDL oxidation and antioxidant performance and is a poten-
tial tool for dynamic monitoring of LDL oxidation using mul-
tiple indicators such as CD, total carbonyls, and changes in
the apoB-100 secondary structures. 
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ABSTRACT: The effect of supplementing 200 mg/kg body
weight palm vitamin E (PVE) and 200 mg/kg body weight α-to-
copherol (α-Toc) on the healing of wounds in streptozotocin-in-
duced diabetic rats was evaluated. The antioxidant potencies of
these two preparations of vitamin E were also evaluated by deter-
mining the antioxidant enzyme activities, namely, glutathione
peroxidase (GPx) and superoxide dismutase (SOD), and malondi-
aldehyde (MDA) levels in the healing of dermal wounds. Healing
was evaluated by measuring wound contractions and protein
contents in the healing wounds. Cellular redistribution and colla-
gen deposition were assessed morphologically using cross-sec-
tions of paraffin-embedded day-10 wounds stained according to
the Van Gieson method. GPx and SOD activities as well as MDA
levels were determined in homogenates of day-10 dermal
wounds. Results showed that PVE had a greater potency to en-
hance wound repair and induce the increase in free radical-scav-
enging enzyme activities than α-Toc. Both PVE and α-Toc, how-
ever, were potent antioxidants and significantly reduced the lipid
peroxidation levels in the wounds as measured by the reduction
in MDA levels.

Paper no. L9408 in Lipids 40, 575–580 (June 2005).

Vitamin E consists of two subfamilies, namely, tocopherols and
tocotrienols, each of which comprises four forms: α, β, γ, and
δ (1). Although their structures are similar, the presence of
three double bonds in the isoprenoid side chain of tocotrienols
confers different potencies and biological activities between
them (2–6). Some studies reported that tocotrienol possessed
higher antioxidant activity than tocopherols (2,3). α-To-
cotrienol was reported to exhibit greater peroxyl radical-scav-
enging potency than α-tocopherol (α-Toc) in liposomal mem-
branes (2) and to possess greater anticancer activity (4). More
recently, tocotrienols were reported to be more effective than
α-Toc in preventing glutamate-induced neuronal cell death (5).
On the other hand, the study by Suarna et al. (6) in 1993 did
not show a significant difference in antioxidant activities be-
tween corresponding tocopherol and tocotrienol isomers.

Palm oil is the richest natural source of tocotrienols. Palm
oil vitamin E extract consists largely of tocotrienols (70%) and
only 30% tocopherols (7). In contrast, the vitamin E in most
other vegetable oils consists of only tocopherols. In this study
we compared the potency of palm vitamin E (PVE) extract and
α-Toc, the most abundant form of vitamin E in vivo, on wound
healing in diabetic rats. Delayed wound healing is one of the
complications of diabetes, and free radicals have been postu-
lated as one of the causes (8–10). In a clinical sense, delayed
wound healing in persons with diabetes may lead to severe
complications requiring extended hospitalization and amputa-
tion. Thus, it is of interest to determine the use of antioxidants
in accelerating wound healing, not only in diabetes but also in
other conditions of impaired healing. 

The beneficial effects of antioxidant vitamins on the healing
of wounds have mainly been studied using animal models. Only
vitamin C has been shown to accelerate healing in human sub-
jects (11). Oral and topical application of vitamin A has been
shown to enhance healing in animals compromised by the ad-
ministration of corticosteroids (12,13), the presence of a malig-
nant tumor (14), and chemically induced diabetes mellitus (15).
The benefit of vitamin E in wound healing has been reported by
Martin (16) on guinea pigs. Vitamin E also was reported to ac-
celerate the treatment of wounds resulting from exposure to ra-
diation, including sunlight (17–19). Altavilla et al. (20) and
Galeano et al. (21) have treated genetically diabetic rats with rax-
ofelast, a hydrophilic vitamin E-like antioxidant compound and
found accelerated healing of linear wounds. We have also stud-
ied the effects of oral vitamin E supplementation on 6-cm skin
lesions in normal and chemically induced diabetic rats and found
accelerated healing only in diabetic rats (22). 

In this study, the effects of PVE and α-Toc on chemically in-
duced diabetic rats were determined in an excision wound
model. Full-skin punch biopsies were used, as they allow wound
contraction, wound protein, lipid peroxidation, and antioxidant
enzyme activities to be measured in the healing wounds.

MATERIALS AND METHODS

Materials. Streptozotocin was purchased from Sigma (St.
Louis, MO). PVE and α-Toc were gifts from the Malaysian
Palm Oil Board (Bangi, Malaysia).

Animals. This study was approved by the Universiti Ke-
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bangsaan Malaysia Animal Ethics Committee. Male Sprague-
Dawley rats weighing 250–300 g were used and were made di-
abetic with an intramuscular injection of streptozotocin (50
mg/kg body weight). Rats were considered diabetic when their
fasting blood glucose levels were greater than 8 mmol/L using
a glucose reagent strip and glucometer (Advantage, Boehringer
Mannheim, Mannheim, Germany). The animals were allowed
to rest for 10 d before the start of the experiment.

Diabetic rats were divided into groups of 6 animals each,
according to the supplementation given: control, PVE, or α-
Toc.

Study design. On the day of the experiment (day 1), the ani-
mals were anesthetized with Zoletil 50® (Virbac Labs, Carros
Cedex, France). The back of each animal was then partially
shaved, and the skin was cleaned with a 70% alcohol and iodine
solution. Four 6-mm-diameter excision wounds were made to
create full-thickness dorsal cutaneous wounds using a punch
biopsy needle (Stiefel Laboratories, Dublin, Ireland). The ani-
mals were then force-fed (oral feeder; Popper and Sons Inc.,
New Hyde Park, NY) with either 200 mg/kg body weight PVE,
200 mg/kg body weight α-Toc, or an equal volume of olive oil
(control). Animals were not fasted before being force-fed. The
administration of olive oil or the vitamins was carried out daily
by oral gavage until the animals were sacrificed on day 10. The
animals were kept individually in separate cages and fed a stan-
dard diet (Gold Coin, Malaysia) and water ad libitum. 

The progress of healing was monitored by determining the
wound areas, total protein content in the full-skin punch biopsy
wounds, and histological changes as examined after staining
with Van Gieson stain.

Blood samples also were taken and were analyzed for fast-
ing blood glucose (to ensure the diabetic status of the rats).
Wound tissues were collected on day 10 for measurement of
antioxidant enzyme activities, namely, glutathione peroxidase
(GPx) and superoxide dismutase (SOD). Lipid peroxidation
was determined as malondialdehyde (MDA) in the day-10
wound tissues.

Determination of wound closure. Wound areas were deter-
mined as the in-growth of epithelial cells by measuring wound
areas on days 1, 6, and 10. Wound areas were traced onto a trac-
ing paper and then calculated using an image analyzer (Ax-
iovert S 100; Zeiss, Oberkochen, Germany) according to the
method described by Baie and Sheikh (23).

Wound collection. Wounds were collected on day 10 after
wounding. Briefly, the animals were anesthetized with Zoletil
50 (diethyl ether) before the procedure. The lesion and the sur-
rounding areas were cut using a punch biopsy needle of the
same diameter used earlier in the creation of wounds.

Protein determination. The total protein content was deter-
mined using one punch biopsy wound from each animal ac-
cording to the method of Bradford (24). Briefly, wound tissues
were homogenized in 1.15% calcium chloride at a ratio of 1:5
(wt/vol). A 0.1-mL quantity of the homogenate was added to 5
mL of Bradford reagent, mixed, and the absorbance read at 595
nm wavelength against a 0.1 M phosphate buffer, pH 7.4. Stan-
dards were treated similarly using BSA at concentrations of 0,

20, 40, 60, 80, and 100 µg/mL in 0.1 M phosphate buffer, pH
7.4.

Histological examination. Wound tissues were fixed by im-
mersion in formalin for routine histology. The tissues were de-
hydrated in ascending concentrations of alcohol, cleaned in xy-
lene, and impregnated in paraffin according to standard proce-
dures. Just before staining, the lesions were sliced along a
longitudinal plane and embedded on-edge. Sections of 5-µm
thickness were treated with the Van Gieson stain (25).

GPx activity. For the determination of GPx activity in the
wound tissue, day-10 wound tissues were prepared by homog-
enizing in 1.15% potassium chloride at a ratio of 1:5 (wt/vol).
They were then centrifuged at 8,000 rpm for 20 min at 4°C.
The resultant supernatant was again centrifuged at 35,000 rpm
for 1 h at 4°C. 

Erythrocyte GPx activity was determined according to the
method described by Paglia and Valentine (26). The he-
molysate was diluted with distilled water (1:5). A 0.5-mL
quantity of Drabkin reagent (cyanmethemoglobin) was then
added to 0.5 mL of the diluted hemolysate. Then 2.88 mL of
substrate mixture was added to 0.02 mL of the resulting mix-
ture. The substrate mixture consisted of 8.4 mM NADPH,
1.125 M sodium azide, 5 mM GSH, and 34.5 IU reduced GSH
in 0.05 M phosphate buffer, pH 7.0. The reaction was started
by adding 0.1 mL of hydrogen peroxide. The solutions in the
test tubes were then mixed and the absorbance read at 340 nm
wavelength for 5 min.

SOD activity. Hemolysates of the day-10 wound tissues
were prepared as for GPx and were analyzed for SOD activity.

SOD was determined according to the method of Beyer and
Fridovich (27). Hemolysate was mixed with a substrate mix-
ture consisting of 50 mM phosphate buffer containing 0.1 mM
EDTA, pH 7.8, prepared fresh on the day of analysis; L-me-
thionine (0.03g/mL); nitroblue tetrazolium chloride
(NBT·2HCl) (1.41 mg/mL); and 1% Triton X-100® (vol/vol).
The reaction was started by adding 10 µL riboflavin (4.4
mg/100 mL). The mixtures were mixed, then left in an alu-
minum box illuminated with two fluorescent lamps of 20 W for
7 min, and the absorbance was read at 560 nm wavelength. The
whole procedure was carried out in the dark because both ri-
boflavin and NBT are sensitive to light.

MDA levels. MDA levels in the day-10 wound tissue ho-
mogenate were also determined to reflect the level of lipid per-
oxidation using the TBARS method, as described by Led-
wozyw et al. (28). Briefly, the tissues were homogenized as just
described in 1.15% potassium chloride and diluted 1:5 with dis-
tilled water before analysis. A 2.5-mL quantity of TCA solu-
tion was then added to the hemolysate and left at room temper-
ature for 15 min. Thiobarbituric acid (1.5 mL) was then added
to the mixture, mixed, and the solution incubated in a water
bath at 100°C for 30 min. The tubes were then cooled and
shaken vigorously for 30 min before adding 4 mL of n-butanol
solution. The tubes were then centrifuged at 3000 rpm for 10
min at room temperature. The absorbance of the resulting upper
layer was then read using a spectrofluorometer (Shimadzu,
Kyoto, Japan).
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Statistical calculation. The percent wound areas were cal-
culated using ANOVA with repeated measures, followed by
post hoc Student’s t-test with correction for multiple compar-
isons. For the other parameters, ANOVA with multiple com-
parisons was used.

RESULTS

Wound healing was evaluated from the morphological changes
observed with stained preparations of cross-sections of wounds
taken on day 10 of healing using the Van Gieson techniques.
We also measured the wound surface areas and total protein in
the wounds during healing. The amount of protein in the
wound reflects the synthesis of new cells and cellular redistri-
bution (29).

Wound closure. Figure 1 shows that supplementation of
PVE and α-Toc resulted in smaller wounds on day 10 post-
wounding compared with the control. Supplemented rats had
significantly less wound area on day 10 of healing (P < 0.05)
compared with the control, but the wound areas of rats supple-
mented with PVE were significantly smaller than those of the
α-Toc-supplemented group.

Total protein content. Figure 2 shows the total protein (mean
+ SEM) in the full-skin punch biopsy taken from each of the
animals on day 10. Significant increases in the total protein
content were observed in all supplemented groups compared
with the control (P < 0.01). However, higher levels were ob-
served with diabetic rats supplemented with PVE. 

Morphological studies. Observations of stained paraffin
sections of the wound sites on day 10 in full-skin punch biopsy
wounds of diabetic rats showed little epidermal regeneration in
the control rats (Fig. 3A). The underlying dermis showed an
ill-formed granulation tissue and sparse collagen. PVE supple-
mentation resulted in a well-formed and differentiated epider-
mis (Fig. 3B). There were complete re-epithelization and thick
bundles of well-aligned collagen showing the advanced state
of healing compared with the control. α-Toc supplementation
resulted in a more dense infiltration of the wound bed and a

greater collagen content than the control (Fig. 3C) but at an ear-
lier state of healing when compared with PVE supplementa-
tion. 

Antioxidant enzymes and MDA levels in wound tissues. GPx
and SOD activities and MDA levels were calculated, taking
into account the amount of protein present in the healing
wound, as this indicates the number of living cells present. Re-
sults showed that both enzymes were significantly elevated in
rats receiving PVE (P < 0.001) compared with controls and the
group treated with α-Toc (Table 1). There were significant re-
ductions in MDA levels observed in the tissues taken from the
rats supplemented with PVE and α-Toc (P < 0.001). 

DISCUSSION

Wound healing is a complex but ordered process involving
three overlapping phases: inflammation, granulation tissue for-
mation, and remodeling of the extracellular matrix. These
events include cellular migration, proliferation, adhesion, and
phenotypic differentiation (30). 

The present data demonstrate that PVE supplementation re-
sulted in significantly smaller wound areas on day-10 post-
wounding compared with controls. Although α-Toc supplemen-
tation also resulted in smaller wound areas, the difference was
not significant compared with controls. These data were further
substantiated by the quantification of protein in the wounds. The
amount of protein in wounds taken from the rats supplemented
with PVE was significantly increased compared with controls
and higher than those of α-Toc. Since the amount of wound pro-
tein reflects the rate of cellular proliferation, we deduced that
PVE accelerates the synthesis and migration of new cells into
the wound areas. Results of Van Gieson staining of cross-sec-
tions of paraffin-embedded day-10 wounds were also in agree-
ment with these findings. There was a greater rate of prolifera-
tion and infiltration of cells at the wound sites taken from rats
supplemented with PVE. These cells play an important role in
matrix deposition and the restoration of tissue integrity, as shown
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FIG. 1. Means ± SEM of percent wound areas during healing of exci-
sion dermal wounds of control, palm vitamin E (PVE)-, and α-tocoph-
erol- (α-Toc-) supplemented diabetic rats (n = 6). The letters a and b de-
note a significant difference from the control and α-Toc groups, respec-
tively (P < 0.05).

FIG. 2. Means ± SEM of total protein in day 10 full-skin punch biopsies
of control, PVE-, and α-Toc-supplemented diabetic rats (n = 6). The let-
ters a and b denote a significant difference from the control and α-Toc
groups, respectively (P < 0.01). For abbreviations see Figure 1.



by the increased collagen content at the wound sites. Collagen is
a major determinant of increased tensile strength of the healing
wound (31).

We also performed a similar experiment on nondiabetic rats
and found that supplementation with either PVE or α-Toc did
not improve the rate of healing of excision wounds (results not
shown). This result agrees with our earlier finding in which we
used the linear incision model of wound healing and found no
acceleration of wound closure with α-tocopherol supplementa-
tion (22).

In our earlier work, supplementation of the same dose of α-
Toc resulted in significantly accelerated linear wound closure
in diabetic rats, in contrast to what we observed here using the
excision wound model (22). This probably reflects the com-
plexity of healing in excision wounds compared with the inci-
sion model. Incision wounds cause only minimal damage to
epithelial basement membrane continuity and the death of rela-
tively few epithelial and connective tissue cells. The repair
process involves primarily epithelial regeneration. The repair
process for excision wounds, by contrast, is more complex, in-

volving the regeneration of parenchymal cells, extensive in-
growth of granulation tissue, and an accumulation of the extra-
cellular matrix (32). Therefore, the dose of α-Toc needed to
elicit a positive response may be much higher than that used in
the present study.

The differences in the potencies of the vitamin preparations
may be due to the fact that PVE is a mixture containing a high
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FIG. 3. Van Gieson stained paraffin sections of day-10 dermal wounds of control (A), PVE-sup-
plemented (B), and α-Toc-supplemented (C) diabetic rats. Slides A and C are shown under 40×
magnification, whereas slide B is shown under 100× magnification to better illustrate cellular
growth and the formation of the different cell layers. Healing was most advanced in the PVE-sup-
plemented group where there were complete re-epithelization, well-differentiated cells, and
thick collagen bundles (B). α-Toc supplementation resulted in more epithelial cell migration to
the wound bed with some collagen deposition (C). The wound bed of the control group (A) had
a sparse number of epithelial cells with little collagen, showing that healing was at an earlier
stage compared with the PVE- and α-Toc-supplemented groups. For abbreviations see Figure 1.

TABLE 1
Means ± SEM of Glutathione Peroxidase (GPx) and Superoxide
Dismutase (SOD) Activities and Malondialdehyde (MDA) Levels
in Homogenates of Day-10 Dermal Wounds of Control, Palm
Vitamin E (PVE), and αα-Tocopherol- (αα-Toc-) Supplemented
Diabetic Rats (n = 6)

Control PVE α-Toc

GPx (µactivity/g protein) 17.2 ± 0.3 26.4 ± 0.12a,b 17.3 ± 0.1
SOD (U/mg protein) 27.9 ± 0.3 38.2 ± 0.1a,b 25.6 ± 0.3
MDA (nmol/g protein) 81.5 ± 0.2 24.6 ± 0.2a 33.9 ± 0.1a

aThe roman superscript letters a and b denote a significant difference from
the control and α-Toc groups, respectively (P < 0.001).



percentage of tocotrienols, which in some conditions have been
shown to be more potent antioxidants than tocopherols (2–4).
Their effectiveness in wound healing may be because orally
administered tocotrienols have been reported to accumulate in
the skin (33). Traber et al. (33) reported that in mice, nearly
15% of tocotrienols given orally were distributed to the skin
compared with only 1% of the tocopherols. This may be attrib-
uted to the unsaturated isoprenoid side chain of the to-
cotrienols, which had been suggested to provide higher mobil-
ity, allowing more efficient and uniform distribution into the
bilayer cell membranes (34). This unique distribution of to-
cotrienols in the skin may give it superior properties in aiding
wound repair. In contrast, topical application of a tocotrienol-
rich fraction from palm oil on hairless mice was reported to re-
sult in a preferential increase in α-Toc in the skin, and no dif-
ference was observed in the potential to afford antioxidant pro-
tection against UV radiation or ozone (34). Weber et al. (36)
suggested that the skin may have a specific mechanism for en-
richment with α-Toc rather than tocotrienols.

Apart from the possible differences in distribution kinetics,
studies have reported that tocotrienols exert a greater protec-
tive effect than tocopherols (37–41). Thus, Serbinova et al. (2)
reported that α-tocotrienol was 40 to 60 times more potent in
reducing lipid peroxidation in rat liver microsomal membrane
and 6.5 times more potent against oxidative damage to cy-
tochrome P-450 than was α-Toc (2). Tocotrienols showed a sig-
nificant inhibition of human and mouse tumor cell growth com-
pared with tocopherols (37–39). In a study on serum biliary en-
zyme, Ong et al. (41) reported that a higher concentration of
α-Toc was needed to elicit the same level of reduction of hepa-
tocyte γ-glutamyltranspeptidase release after rats were treated
with a carcinogen. Perhaps in the case of wound healing in per-
sons with diabetes, a higher dose of α-Toc is needed to elicit
the same response as that of PVE, or perhaps the effect is best
seen when a mixture of vitamin E (as in PVE) is supplemented,
as was reported by Ong et al. (41) in their study on chemically
induced hepatitis.

The present study also shows that rats supplemented with
PVE had significantly higher levels of antioxidant enzyme activ-
ities than controls and those supplemented with α-Toc. SOD and
GPx act as scavengers for free radicals: SOD turns superoxide
radicals into hydrogen peroxide (42), and GPx neutralizes hy-
drogen peroxides to water (26). The reduction in free radical
damage can be assessed by MDA as an index of lipid peroxida-
tion. Results showed that both PVE and α-Toc were effective in
significantly reducing the MDA levels. Although the present
study was done on oral vitamin E supplementation, topical vita-
min E also has been reported by other researchers to result in up-
regulation of a network of enzymatic and nonenzymatic antioxi-
dants such as SOD, reduced GSH, and ascorbate (35). 

In conclusion, this study shows that PVE, a vitamin E mix-
ture with a high tocotrienol content, was more potent at enhanc-
ing wound healing and inducing increased antioxidant enzyme
levels in the wounds of diabetic rats than was α-Toc. However,
both vitamins were able to reduce lipid peroxidation in the heal-
ing wounds.
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ABSTRACT: Consumption of CLA by lactating women affects
the composition of their milk, but the pattern of the different CLA
isomers is still unknown. We determined the effects of short ma-
ternal supplementation with CLA-rich Alpine butter on the occur-
rence of FA and CLA isomers in human milk. In an open random-
ized controlled study with a two-period cross-over design, milk
FA and CLA isomer concentrations were measured on postpar-
tum days ≥20 in two parallel groups of lactating women before,
during, and after consumption of defined quantities of Alpine but-
ter or margarine with comparable fat content (10 d of butter fol-
lowed by 10 d of margarine for one group, and vice versa in the
other). In the 16 women who completed the study (8/group),
Alpine butter supplementation increased the C16 and C18 FA, the
sum of saturated FA, the 18:1 trans FA, and the trans FA with CLA.
The CLA isomer 18:2 c9,t11 increased by 49.7%. Significant in-
creases were also found for the isomers t9,t11, t7,c9, t11,c13, and
t8,c10 18:2. The remaining nine of the total 14 detectable iso-
mers showed no changes, and concentrations were <5 mg/100 g
fat. A breastfeeding mother can therefore modulate the FA/CLA
supply of her child by consuming Alpine butter. Further studies
will show whether human milk containing this FA and CLA iso-
mer pattern acts as a functional food for newborns.

Paper no. L9632 in Lipids 40, 581–587 (June 2005).

Human milk (from German women) contains more long-
chain FA, with chain lengths of C20 to C24 including several
double bonds, than bovine milk fat. It contains a high propor-
tion of palmitic acid (16:0, 25.3%) and the isomeric groups
of 18:1 and 18:2, their main components being oleic acid (c9,
29.0%) and linoleic acid (c9,c12, 9.5%) (8).

The major CLA isomer is c9,t11-octadecadienoic acid (c9,t11
18:2) (1), also called rumenic acid (2). Although linoleic acid is
isom-erized by the enzymatic conversion of the c12 to the t11
bond by the anaerobe Butyrivibrio fibrisolvens in the rumen (3),
an estimated 64% of dairy milk fat CLA is of endogenous origin
(4). Total CLA and isomer concentrations in dairy milk fat de-
pend on feeding (i.e., pasture, oilseeds), the effects of altitude and
season, as well as the age and breed of the cow (5–7). Total CLA
and isomer concentrations in human milk depend on maternal
diet, stage of lactation, and de novo synthesis (8–12). As humans

do not synthesize PUFA, concentrations depend exclusively on
dietary fat intake (13). A study reporting CLA concentrations
(c9,t11 isomer) of 5.8 mg/g fat in milk from mothers on conven-
tional diets vs. 11.2 mg/g fat in Hare Krishna mothers hypothe-
sized that the difference was due to the large amounts of butter,
ghee, and cheese consumed by the latter (9). Chronic dietary
c9,t11 18:2 intake is thought to increase milk 18:2 c9,t11 concen-
trations (10). The proportions of partially hydrogenated oils and
ruminant fats in the diet also determine trans 18:1 isomeric distri-
bution (8), whereas maternal diet, i.e.. consumption of different
products or amounts of milk and meat, has been shown to corre-
late with differences in the CLA content of human milk (11).

Several effects of a high-CLA diet in animals and humans
have been described. However, for the effect of most interest
to us, that on neonatal development, only animal data are avail-
able: in rats, increased milk CLA concentrations in dams on a
high-CLA diet are associated with enhanced pup weight gain
(14). Recent studies have also shown that individual isomers
have different effects.

The aim of the present investigation as an essential prelimi-
nary to an efficacy study was to quantify CLA isomers and FA
concentrations in human milk from mothers consuming defined
quantities of CLA-rich Alpine butter.

SUBJECTS, MATERIALS, AND METHODS

Subjects. Following approval from the Institutional Review
Board of the Departments of Obstetrics and Urology at Zurich
University Hospital, healthy lactating women (n = 20) from the
Obstetrics Department were recruited on day (D) 2–4 postpar-
tum with their written informed consent. The noninclusion cri-
teria were pre-existing disease, medication other than vitamins
or minerals, HIV, mastitis, vegan or similar extreme diet, sub-
stance abuse (including alcohol), smoking, and inability to un-
derstand conversational German. Subjects started the study
from D20 postpartum when at home and healthy in lactation
stage III. 

Protocol. Dietary treatment was randomized in sealed opaque
envelopes according to an open controlled two-period cross-over
design in two parallel groups. Group 1 followed a normal diet at
home to day 20 postpartum (= study D1). From D1 through D10
(period 1), women were invited to supplement their diet with 40
g/d (4 packages of 10 g per 24 h) margarine (M) (Becel®;
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www.unilever.com) containing 24 g fat and 16 g water. From
D11 through D20 (period 2), the diet was supplemented with 30
g/d (3 packages of 10 g per 24 h) Alpine butter (AB) containing
25.7 g fat, 4.3 g water, and an average of 2.09 g CLA/100 g milk
fat (equivalent to approximately 0.5 g CLA/d). The difference
between the daily amount of M (30 g) and AB (40 g), respec-
tively, should result in an equal daily fat intake from the study
products. Group 2 women followed the same dietary schedule in
reverse order (period 1: AB; period 2: M). 

The Alpine butter originated from Alp Mutten (Graubün-
den, Switzerland, 2100 m altitude) and consisted of a blend of
five 2-kg portions that was produced between July 1 and 25,
2003, and stored at −20°C until use. The 10-g portions of this
blend contained 8.6 g fat, 1.4 g water, and 180.0 mg total CLA
(corresponding to 2.09 g total CLA/100 g milk fat). The pre-
dominant CLA isomers were c9,t11, t11,c13, t7,c9, and t8,c10
18:2. The FA and CLA composition of the two supplements is
shown in Table 1.

The women had to record the real daily intake of study prod-
ucts (weight). No additional Alpine milk or ruminant meat
products were allowed during the study. 

Dietary diary. The subjects documented potential additional
sources of CLA by recording every day the estimated intake
(volume or weight) of milk and dairy products (yogurt, sour
cream, cream, cheese, etc.) and meat (type). The amount of a
consumed product was given in the database of the EBIS pro-
gram (15), which transforms the consumed volume or weight
of a product in consumed grams fat by considering the prod-
uct’s specific percent fat. From the daily fat intake, the daily
CLA intake (milligrams) was calculated using the values of
Fritsche and Steinhart (16,17) for CLA amounts (grams CLA
per gram fat) in different foods (German and others); for
chicken or turkey the CLA values of Chin et al. (1) were used.

Milk sampling. On D1, D5, D10, D15, and D20, the subjects
took milk samples at home according to a standardized proce-
dure assisted by the principal investigator (IB): between 8:00
and 11:00 A.M. and 1–3 h after a continental breakfast, the
breast that was not actually used for infant feeding at the last
feed was emptied completely using an electric pump (Lacti-
naTM Electric plus; Medela AG, Baar, Switzerland) and the vol-
ume measured; 2 × 10-mL aliquots were transferred to plastic
tubes, cooled at +4°C (cold box), and stored at −20°C until
analysis. The remainder was fed to the baby.

Lipid extraction and analysis of FA. (i) Lipid extraction.
Milk fat was obtained gravimetrically using the Roese-Gottlieb
method, i.e., the fat globule membranes were disrupted with
ammonia and ethanol, the fat was extracted with diethyl ether
and petroleum ether, and the pure fat was stored at −20°C until
analysis (18). 

(ii) FA. The milk fat was dissolved in hexane, and the glyc-
erides were transesterified to the corresponding FAME using a
solution of potassium hydroxide in methanol (2 mol/L) as per
ISO standard 15885. FA composition was determined using a
gas chromatograph (GC; Agilent 6890, www.agilent.com)
equipped with an on-column injector and FID (19). Nearly 70
FA were separated on a capillary column (100 m × 0.25 mm ×
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TABLE 1 
Fatty Acids and CLA Isomers in Margarine and Alpine Butter
Supplementsa,b (per 100 g fat)a

FA Unit Margarine Alpine butter

14:0 g 0.83 6.99
15:0 g 0.02 1.29
16:0 g 10.83 19.88
17:0 g 0.04 0.78
18:0 g 3.75 11.25
18:1 c9 g 24.24 20.55
18:1 t6-8 g <0.01 0.16
18:1 t9 g <0.01 0.28
18:1 t12 g <0.01 0.18
18:1 t13-14 + c6-8 g 0.01 0.62
18:2 c9,c12 g 46.70 1.53
18:2 t7,c9 + t8,c10 + c9,t11 g <0.01 1.85
18:2 c9,c11 + t9,t11 + t11,c13 g <0.01 0.14
18:2 t12,t14 mg ND 20.4
18:2 t11,t13 mg ND 33.2
18:2 t10,t12 mg ND 2.8
18:2 t9,t11 mg ND 15.0
18:2 t8,t10 mg ND 1.7
18:2 t7,t9 mg ND 10.2
18:2 t6,t8 mg ND 4.7
18:2 c/t12,14 mg ND 5.3
18:2 t11,c13 mg ND 148.2
18:2 c11,t13 mg ND 3.4
18:2 t10,c12 mg ND 1.6
18:2 c9,t11 mg ND 1767.3
18:2 t8,c10 mg ND 29.5
18:2 t7,c9 mg ND 49.0
18:3 c9,c12,c15 g 0.12 1.24
Saturated FAc g 18.97 51.80
Monounsaturated FAd g 25.41 29.87
PUFAe g 47.72 6.72
18:1 transf g 0.03 5.94
Σ18:2 g 47.34 5.03
18:2 trans without trans CLAg g 0.08 1.45
18:2 trans with CLAh g 0.09 3.31
trans FA without CLAi g 0.11 7.72
trans FA with CLAj g 0.12 9.59
n-3k g 0.93 2.22
n-6l g 46.79 2.38  
aValues are means, n = 3. 
bA selected summation of FA that addresses specific points to the discussion
is presented. CLA isomers were analyzed by silver-ion HPLC and are ordered
according to their retention time; ND, not detectable; ttNMID, trans,trans
non-methylene interrupted diene; ccMID, cis,cis methylene interrupted
diene.
cAB: 4:0, 5:0, 6:0, 7:0, 8:0, 10:0, 12:0, 12:0 iso, 12:0 aiso, 13:0 iso, 14:0, 14:0
iso, 14:0 aiso, 15:0, 15:0 iso, 16:0, 16:0 iso, 16:0 aiso, 17:0, 17:0 iso, 17:0 aiso,
18:0, 19:0, 20:0, 22:0; M: 8:0, 10:0, 12:0, 14:0, 15:0, 16:0, 16:0 aiso, 17:0, 17:0
aiso, 18:0, 20:0, 22:0, 24:0.
dAB: 10:1, 14:1 ct, 16:1 ct, 17:1 ct, 18:1 -t4, -t5, -t6-8, -t9, -t10-11, -t12,
-(t13-14 + c6-8), 20:1 t, 20:1 c5, 20:1 c9, 20:1 c11; M: 16:1 c, 18:1
-t10, -c9, -c11, 20:1 c11.
eAB: 18:2 [Σ ttNMID, t9,t12, c9,t13 + (t8,c12), c9,t12 + (ccMID + t8,c13), t11,c15
+ t9,c12), -c9,c12, -c9,c15, 18:3 -c6,c9,c12, -c9,c12,c15, 18:2-(c9,t11 + -t8,c10
+ -t7,c9), -(t11,c13 + -c9,c11), -t9,t11, 20:2 cc n-6, 20:3n-6, 20:3n-3, 20:4n-6,
20:5n-3, 22:5n-3, 22:6n-3; M: 18:2 -(c9,t12 + ccMID + -t8,c13), -(t11,c15 +
t9,c12], -c9,c12, -c9,c15, 18:3 c9,c12,c15,  20:3n-3, 20:4n-6, 20:5n-3.
fAB: 18:1 t4 to t13-14; M: 18:1 -t10.
gAB: 18:2 trans [Σ ttNMID, t9,t12, c9,t13 + (t8,c12), c9,t12 + (ccMID +,t8c13,
t11,c15 + t9,c12]; M: 18:2 -(c9,t12 + t8,c13), -(t11,c15 + t9,c12).
hAB: 18:2 t + CLA trans (Σ C18:2 t7,c9, t8,c10, c9,t11, t9,t11, t11,c13); 
M: 18:2 -(c9,t12 + t8,c13), -(t11,c15 + t9,c12).
iAB: 14:1 t, 16:1 t, 17:1 t, 20:1 t, 18:1 trans and 18:2 trans (without CLA
trans); M: 18:1 t10, 18:2 -(c9,t12 + t8,c13), -(t11,c15 + t9,c12).
jAB: 14:1 t, 16:1 t, 17:1 t, 20:1 t, 18:1 trans, 18:2 trans and CLA trans; M:
18:1 t10, 18:2 -(c9,t12 + t8,c13), -(t11,c15 + t9,c12).
kAB: 18:2 -c9,c15 + -t11,c15, 18:3 c9,c12,c15, 20:3, 20:5, 22:5, 22:6; M:
18:2 -c9,c15, -t11,c15, 18:3 c9,c12c15, 20:3, 20:5.
lAB: 18:1 -t12, -c12, 18:2 –t9,t12, -c9,t12, -c9,c12, 18:3 c6,c9,c12, 20:2cc,
20:3, 20:4; M: 18:2 -c9,t12, -c9,c12, 20:3, 20:4.



0.20 µm, CP-Sil 88; www.varianinc.com) and quantified in ab-
solute values (g FA/100 g fat) using nonanoic acid as internal
standard.

(iii) CLA isomers. CLA isomers were analyzed by silver-ion
(Ag+) HPLC according to Rickert et al. (20), modified by Kraft
et al. (21). The analysis was performed on an Agilent LC series
1100 equipped with a photodiode array detector (234 nm) using
three ChromSpher Lipids columns in series (stainless steel, 250
× 4.6 mm, 5 µm particle size; Chrompack, Middleburg, The
Netherlands). The solvent consisted of UV-grade hexane with
0.1% acetonitrile and 0.5% ethyl ether (flow rate 1 mL min−1),
prepared fresh daily. Injection volumes were 10 µL, representing
<250 µg lipid. The identification of CLA isomers was based on
co-injection with commercial reference material and synthesized
CLA. The methyl esters of c9,t11 (98%), t10,c12 (98%), and
c9,t11 18:2 (75–78%) were obtained from Matreya Inc. (Pleas-
ant Gap, PA). Other CLA isomers were synthesized by isomeri-
zation of the commercially available reference (technical grade)
with I2 (22). The results were expressed as absolute values in mg
per 100 g fat. Fourteen different CLA isomers were separated by
this HPLC method (Fig. 1).

Statistical analysis. A power calculation was performed
based on an expected difference in CLA human milk content
of 30% between the two phases, Alpine butter (AB) and mar-
garine (M). The power was 80% for n = 8/group (α = 0.5).

Data were entered into Excel, analyzed in Systat for Win-
dows, version 10.2 (www.uic.edu/depts/accc/software), and ex-
pressed as means ± SD. The Kolmogorov–Smirnov test was
used for normality. Mean values were compared using the un-
paired two-tailed t-test for cross-over design and a P value of
<0.05. “Effect” refers to the differences between the two phases
AB vs. M of group-pooled data, and “period” to the period ef-
fect, i.e., the differences between the two phases AB and M of
group 1 vs. group 2.

RESULTS

Subjects. Three women withdrew because of lactation failure
and one developed diarrhea in response to Alpine butter, leav-
ing eight subjects per group. The groups did not differ statisti-
cally in age (27.8 ± 3.5 vs. 29.5 ± 5.6 yr, respectively), parity,
gravidity, gestational age at delivery, or body mass index (BMI)
during the study (Table 2).

Two group 2 women were excluded from the statistical
analysis of the CLA isomers because of technical problems in
the isomer analysis.

Study product intake and dietary diaries (Table 3). The
mean daily intake of margarine was 29.75 g (group 1) and
30.25 g (group 2) and that of Alpine butter 22.0 g (group 1) and
23.75 g (group 2). Study product intake was thus below the re-
quested level (margarine: up to 40.0 g; Alpine butter: up to 30.0
g). The higher intake of margarine than butter (P = 0.003) re-
sulted in an equal daily fat intake in both groups (P = 0.25 dif-
ferences between M and AB [effect] and differences between
the groups [period]). Fat intake was calculated from 60 g
fat/100 g (margarine) and 85.8 g fat/100 g (Alpine butter) as
specified in the Subjects, Materials, and Methods section. 

Dietary nonsupplement CLA intake, calculated from the
daily dietary records, also did not differ statistically (P = 0.52)
between phases or groups. Extremely small or zero amounts of
ruminant meat (beef) were recorded in both groups, as re-
quested (data not shown). 

Human milk. (i) Fat content. In neither group did fat con-
tent of human milk differ significantly between margarine and
butter phases (group 1: 3.3 ± 0.6 vs. 3.4 ± 1.6 g/100 mL milk;
group 2: 2.9 ± 1.3 vs. 3.4 ± 1.1 g/100 mL milk) corresponding
to a mean fat yield (g) per breast of 1.94 in the margarine and
1.90 in the butter phase (NS). 

(ii) FA. The sum of saturated FA increased by 2.057 g/100
g fat during the pooled butter phases (P = 0.03), 18:1 trans
FA by 0.428 g/100 g fat (P = 0.001), and trans FA with CLA
by 0.178 g/100 g fat (P = 0.005) (all without period effects).
There were significant pooled-group decreases in the butter
phases in the sum of PUFA (3.502 g/100 g fat), 18:2 (3.252
g/100 g fat), n-6 FA (3.571 g/100 g fat) (all P = 0.001), and
the sum of unsaturated FA (3.389 g/100 g fat; P = 0.02) (Table
4). The ratio of n-6/n-3 FA was lower in the butter than in the
margarine phases (mean: 13.7 vs. 17.9, P < 0.01), but the dif-
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FIG. 1. Silver-ion HPLC (Ag+-HPLC) separation of CLA methyl esters of
human milk using three columns in series (peak t6,t8 tentatively as-
signed according to Ref. 20).

TABLE 2
Population Demographic and Obstetric Dataa

Group 1 (n = 8) Group 2 (n = 8)

Mean SD Mean SD

Age (yr) 27.8 3.5 29.4 4.8
Parity (n) 1.6 0.5 1.8 0.7
Gravidity (n) 2.1 1.4 2.0 1.3
Gestational age (wk) at delivery 40.6 1.3 40.1 1.4
BMIb (kg/m2) 25.0 2.6 26.5 6.4
Days postpartum at study start 35.3 13.3 33.3 9.3
aValues between the groups do not differ. 
bMean of the five body weight values measured on the five sampling days.
BMI, body mass index.



ference was only minimal if we consider a ratio of 1 vs. 50 in
the corresponding study products (see Table 1).

The butter phases showed highly significant pooled-group
differences (g/100 g fat; all P < 0.001) vs. margarine in the fol-
lowing individual FA (Table 4): increases in C15 (0.116 g), C16
(1.507 g), C17 (0.072 g), C18 (0.960 g), and t9,c12 + t11,c15
18:2 (0.043 g); decreases in c9,c12 18:2 (3.632 g), c,c20:2n-6
(0.056 g), and 20:3n-6 (0.062 g) FA. 

CLA isomers. (i) At baseline. The overall baseline concen-
tration (D1, after normal nonstandardized diet, n = 14) showed
a predominance of the c9,t11 (277 ± 195 mg/100 g fat, range
77–800), t9,t11 (13 ± 7 mg/100 g fat, range 4–31), and t11,c13
(12 ± 10 mg/100 g fat, range 2–37) 18:2 isomers, and a total
CLA concentration of 352 ± 229 mg/100 g fat (range
103–956).

(ii) During the study. Analysis of the mean pooled study day
values (D5 + D10 and D15 + D20, respectively), showed sig-
nificant increases in t12,t14, t11,t13, t6,t8, c11,t13, t11,c13,
c9,t11, and t8,c10 18:2 as well as in the sum of CLA isomers
during Alpine butter intake of both groups (Table 4). There
were no significant period effects. Pooled-group increases of
the individual isomers, expressed per 100 g fat, are shown in
Figure 2. The sum of CLA isomers increased by 129.4 mg
(45.0%, P = 0.005) and the ratio of t11,c13 and t7,c9 18:2 iso-
mers by 70.8% (P < 0.0001). 

DISCUSSION

This study demonstrated that 10-d supplementation with
Alpine butter, a natural CLA-rich product, affects the FA and
CLA isomer content of human milk. 

Butter significantly increased the concentrations of saturated
FA. At study start (after a normal nonstandardized diet), 18
c9,t11 18:2 and total CLA concentrations in human milk were
277 ± 195 (range 7–800) and 352 ± 229 (range 103–956)
mg/100 g fat, respectively. The isomers showing the highest
increases in milk were t11,c13 (100.5%), t6,t8 (67.3 %), t12,t14
(61.3%), c9,t11 (49.7%), c11,t13 (39.6%), t11,t13 (34.0%), and
t8,c10 (28.2%) (all P < 0.05). 

Ethical limitations in standardization and compliance,
which was not 100% in our study (Table 3), make human data
inevitably more variable than their dairy counterparts. The
women were allowed to consume their total supplement per 24
h in as many portions as they wished, and we could not control
for the well-known differences in absorption relating to the
amount of fat per portion (23). However, our study has certain
advantages compared with others with human milk (9,10). The
cross-over design excluded interindividual differences and dif-
ferences due to lactation duration; all subjects consumed the
same supplements with defined fat content and FA composi-
tion; milk sampling was standardized (volume, time of day) to
minimize the effect of differential fat absorption (23) and milk
volume (24); dietary intake of other dairy and beef products
was recorded daily throughout the study; BMI was calculated
throughout; milk analysis was longitudinal, with two time
points per period. Since no significant differences were found
in compliance, BMI, dietary (nonsupplement) CLA intake, or
total milk fat content between periods or groups, these factors
can be excluded as accounting for the differential milk content
of FA or CLA isomers in response to butter supplementation. 

Our basal value in human milk for the predominant isomer
(c9,t11 18:2) (0.25 g/100 g fat) is similar to those reported by
Jensen et al. (0.19 and 0.18 g/100 g fat) (25,26), Park et al.
(0.21 g/100 g fat) (10), and Ritzenthaler et al. (0.28 g/100 g
total FA) (12) in lactating American mothers during the low-
dairy periods (10,25,26) or in baseline (12). However, McGuire
et al. (27) and Innis and King (28) recorded higher basal val-
ues (0.4 g/100 g fat) in American mothers, matching those in
German mothers (0.39 and 0.40 g/100 g fat) (29). 

The increase in the predominant c9,t11 isomer in our study
by 109.8 mg/100 g fat (49.7%) approximates that reported by
Park et al. (10) (64.6%) from the low to the high CLA dairy
period of their study and is higher than that reported by Ritzen-
thaler et al. (12) (29.0%) from baseline to 4 wk of consump-
tion of high-CLA cheese. Unlike us, earlier investigators into
human milk CLA content could identify, in addition to the pre-
dominant c9,t11 18:2 isomer, only t9,t11 (29), t10,c12
(12,27,29), t7,c9 (30), and t9,t11/t10,t12 18:2 (12). In milk
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TABLE 3
Documented Intake of Study Products (and corresponding fat and CLA) and Dietary CLA (pooled study days)

Group 1 (n = 8) Group 2 (n = 8)

M AB AB M Pa

Mean SD Mean SD Mean SD Mean SD Effectb Periodc

Study product intake
Amount (g/d) 29.75 10.91 22.00 7.67 23.75 6.81 30.25 8.05 0.003 NS
Fatd (g/d) 17.85 6.55 18.88 6.58 20.38 5.85 18.15 4.83 NS NS
CLAe (mg/d) <2 379.4 132.3 409.6 117.6 <2 <0.001 NS

Dietary intake
CLAf (mg/d) 81.1 79.7 64.9 52.3 109.7 104.2 70.9 63.4 NS NS

aUnpaired two-tailed t-test for cross-over design: NS, nonsignificant.
bEffect: overall (both groups) AB (Alpine Butter) vs. M (Margarine). 
cPeriod: AB vs. M of group 1 vs. group 2.
dCalculated from 85.8 g fat/100 g (AB) and 60 g fat/100 g (M). 
eC18:2 t7,c9 + t8,c10 + c9,t11 and C18:2 c9, c11 + t9,t11 + t11,c13. 
fC18:2 c9,c11 + t9,t11 + t11,c13 calculated by EBIS program (19) according to nutrition protocol.



from German women, c9,t11 18:2 accounted for no more than
0.39%, t9,t11 18:2 at most 0.04%, and t10,c12 18:2 at most
0.08% of total FA (29). For Yurawecz et al. (30), the t7,c9 18:2
isomer accounted for 5.5–9.9% of total CLA. In our study, the
c9,t11, t9,t11, t7,c9, and t10,c12 isomers accounted for 0.380,
0.019, 0.018, and 0.002% of total FA and for 79, 3.9, 3.6, and
0.3% of total CLA; these values are consistent with those indi-
cated above. 

The distribution of other FA in milk during the study peri-
ods reflects some but not all of the differences between supple-
ments (Table 1). The 18:1 trans FA other than trans10-11,

which occur in low concentrations in both study products, also
show low concentrations in human milk during both phases.
This aspect could be of interest because in recent years atten-
tion has been given to the potential impairment of EFA metab-
olism to their long-chain metabolites by the trans-isomers in
humans (31). It is therefore unlikely that the small amounts
found in human milk in our study have any important negative
effect on the newborn. The higher amounts of C15, C16, C17,
and C18 acids and the trans unsaturated octadecadienoic acids
(t9,c12 + t11,c15 18:2) are likely to have resulted from their
higher content in Alpine butter. C15 and C17 acids are synthe-
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TABLE 4
FA and CLA Isomers in Human Milk (per 100 g human milk fat) During Maternal Supplementation with Margarine and Alpine Butter
(pooled study days) 

Group 1 (n = 8) Group 2 (n = 8b)

M AB AB M Pc

FAa Unit Mean SD Mean SD Mean SD Mean SD Effectd Periode

14:0 g 5.13 0.73 5.66 1.06 5.99 1.38 5.67 1.18 NS NS
15:0 g 0.31 0.05 0.42 0.07 0.49 0.13 0.37 0.13 <0.001 NS
16:0 g 20.28 1.96 20.62 2.14 22.22 2.87 19.55 3.45 <0.001 <0.05
17:0 g 0.29 0.04 0.36 0.06 0.39 0.08 0.32 0.09 <0.001 NS
18:0 g 6.04 1.05 6.83 1.16 7.38 1.04 6.25 1.05 <0.001 NS
18:1 c9 g 26.38 3.19 26.16 3.75 26.91 3.54 27.02 3.50 NS NS
18:1 t9 g 0.30 0.11 0.28 0.14 0.27 0.07 0.27 0.12 NS NS
18:2 c9,c12 g 14.64 3.60 12.41 6.06 7.96 2.72 13.00 2.99 <0.001 NS
18:2 t12,t14 mg 1.46 0.62 2.90 1.56 2.77 1.90 2.06 0.92 0.007 NS
18:2 t11,t13 mg 4.18 1.57 6.83 2.24 6.43 4.07 5.72 1.90 0.03 NS
18:2 t10,t12 mg 2.49 0.99 3.71 1.63 2.40 0.78 3.17 0.34 NS NS
18:2 t9,t11 mg 14.8 12.9 19.4 14.8 13.4 11.8 14.6 11.7 NS NS
18:2 t8,t10 mg 3.21 0.61 3.21 1.27 2.96 1.50 2.88 0.72 NS NS
18:2 t7,t9 mg 4.01 1.25 4.35 1.16 4.40 1.35 4.45 0.92 NS NS
18:2 t6,t8 mg 0.46 0.16 0.90 0.34 0.83 0.23 0.58 0.22 0.002 NS
18:2 ct/tc12,14 mg 0.86 0.50 1.22 0.56 1.15 0.64 0.98 0.35 NS NS
18:2 t11,c13 mg 6.2 3.1 15.6 6.1 17.1 10.9 10.1 5.0 0.001 NS
18:2 c11,t13 mg 3.26 1.19 5.14 2.16 5.99 3.13 4.71 1.69 0.02 NS
18:2 t10,c12 mg 1.31 1.07 1.94 1.58 0.90 0.27 1.44 0.59 NS NS
18:2 c9,t11 mg 176.0 75.6 309.5 120.7 351.6 212.0 265.6 114.7 0.005 NS
18:2 t8,c10 mg 6.6 1.8 9.6 3.8 10.7 5.4 9.2 2.5 0.04 NS
18:2 t7,c9 mg 10.4 4.0 13.7 6.0 16.0 7.1 14.9 4.3 NS NS
ΣCLA mg 235.2 87.0 397.9 141.7 436.6 248.6 340.5 126.8 0.005 NS
18:3 c9,c12,c15 g 0.44 0.21 0.41 0.08 0.38 0.16 0.50 0.19 NS NS
20:3n-6 g 0.31 0.09 0.26 0.09 0.21 0.12 0.29 0.11 <0.001 NS
20:4n-6 g 0.32 0.12 0.29 0.12 0.19 0.09 0.26 0.06 <0.01 NS
Saturated FAf g 37.27 1.84 40.64 4.13 38.77 3.96 38.03 3.84 <0.05 NS
Monounsaturated FAg g 30.11 4.17 31.57 5.01 30.17 6.49 31.36 4.17 NS NS
PUFAh g 16.28 4.17 14.77 6.30 9.35 3.64 14.84 3.43 <0.001 <0.05
18:1 transi g 1.31 0.21 1.85 0.49 1.72 0.56 1.40 0.52 <0.001 NS
Σ18:2 g 14.69 3.69 13.30 6.10 8.19 3.20 13.30 3.14 <0.001 <0.05
trans FA with CLAj g 2.04 0.32 2.91 0.67 2.62 0.93 2.26 0.73 <0.001 NS
n-6k/n-3l 19.8 5.21 15.38 6.64 11.95 3.33 15.98 3.52 <0.01 NS
aCLA isomers and CLA were analyzed by silver-ion HPLC and are ordered according to their retention time.
bn = 6 for CLA isomers. 
cUnpaired two-tailed t-test for cross-over design: NS, nonsignificant.
dEffect: overall (both groups) AB (Alpine Butter) vs. M (Margarine). 
ePeriod: AB vs. M of group 1 vs. group 2.
.fFor footnote f see Table 1, footnote c.
gFor footnote g see Table 1, footnote d.
hFor footnote h see Table 1, footnote e.
iFor footnote i see Table 1, footnote f.
jFor footnote j see Table 1, footnote j.
kFor footnote k see Table 1, footnote l.
lFor footnote l see Table 1, footnote k.



sized by ruminant flora but not in humans owing to the uneven
number of carbon atoms (32). They thus act as markers of a
dairy fat diet (33,34). The highly significant decrease (3.63
g/100 g milk fat = 26.3%) in octadecadienoic acid (c9,c12
18:2) on butter vs. margarine is also probably due to its much
lower content in butter than in margarine (1.53 g vs. 46.70
g/100 g fat). The n-6 FA that occur at high concentrations in
margarine have an extremely low transfer into human milk. 

Mothers can rapidly and easy modulate the fat composition
of their milk by consuming Alpine butter (or related natural
dairy products). This could have positive implications for the
newborn. Several studies, most of them in animals, have indi-
cated the potential impact of CLA-rich milk on the develop-
ment of the newborn. One point could be the potential effect
on body weight. In rats, the c9,t11 18:2 isomer increases body
weight (14,35), whereas the t10,c12 18:2 isomer decreases it in
both mice (35,36) and humans [loss of body fat in diabetics
(37)]. Another point could be the protection of CLA-rich milk
against development of atopy. In rats and mice, oral supple-
mentation with 100 mg/kg CLA (isomer profile unknown) re-
duces allergic anaphylaxis (by decreasing blood pressure), va-
sodilatation, and scratching behavior in response to egg-white
lysozyme (38). However, further studies in humans are neces-
sary to confirm these effects and to show whether human milk
with a special pattern of FA and CLA could be a functional
food for newborns.
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ABSTRACT: This study examined the effects of feeding pasture
vs. concentrate on the distribution of CLA isomers in the lipids of
longissimus and semitendinosus muscle, liver and heart muscle,
and subcutaneous fat in beef bulls. Sixty-four German Holstein
and German Simmental bulls were randomly allocated to either
an indoor concentrate system or periods of pasture feeding fol-
lowed by a finishing period on a concentrate containing linseed
to enhance their beef content of n-3 PUFA and CLA. The concen-
trations of CLA isomers in the different tissues were determined
by GC and silver ion HPLC. The diet affected the distribution of
individual CLA isomers in the lipids of the different tissues. The
concentration (mg/100 g fresh tissue) of the most prominent iso-
mer, cis-9,trans-11 18:2, was increased up to 1.5 times in liver
and heart tissue of bulls fed on pasture as compared with con-
centrate. However, no diet effect was observed for cis-9,trans-11
18:2 in the lipids of longissimus muscle and subcutaneous fat. In
all tissues, the second-most abundant CLA isomer in concentrate-
fed bulls was trans-7,cis-9 18:2. In contrast, trans-11,cis-13 18:2
was the second-most abundant CLA isomer in all investigated tis-
sue lipids of pasture-fed bulls. The concentration of the trans-
11,cis-13 18:2 isomer was up to 15 times higher in tissues of pas-
ture-fed bulls as compared with concentrate-fed animals. Further-
more, diet affected the concentrations of the CLA trans,trans 18:2
isomers. Pasture feeding significantly increased the concentra-
tions of some trans,trans 18:2 isomers as compared with concen-
trate, predominantly trans-12,trans-14 18:2 and trans-11,trans-13
18:2. Overall, pasture feeding resulted in significantly increased
concentrations of the sum of CLA isomers in the lipids of longis-
simus muscle, subcutaneous fat, heart and liver muscle of Ger-
man Holstein and German Simmental bulls, but not in semitendi-
nosus muscle.

Paper no. L9674 in Lipids 40, 589–598 (June 2005).

CLA consists of a collection of positional and geometric iso-
mers of octadecadienoic acid, with conjugated double bonds
ranging from positions 6,8- to 12,14-. For each positional iso-
mer there are four possible geometric pairs of isomers (e.g.,
cis,trans; trans,cis; trans,trans; cis,cis). Ruminant meats and
milk and their products are the main source of CLA in the

human diet. CLA has been linked to a multitude of potential
health benefits, including inhibition of carcinogenesis, reduced
rate of fat deposition, altered immune response, reduced serum
lipids, and antidiabetic and antiatherogenic effects (1–4). Most
of the research has focused on two isomers: cis-9,trans-11 18:2
and trans-10,cis-12 18:2 (2–4). Studies on pure single isomers
showed that they differ in biological activities as reported in
recent reviews by Banni et al. (5), Khanal (6), and Martin and
Valeille (7). In addition, current studies show that a mixture of
trans,trans 18:2 isomers exhibited stronger cytotoxicity against
NCI-N87 gastric cancer cells than cis,trans/trans,cis isomers
(8). Therefore, the biological activities of all individual CLA
isomers must be verified. 

In ruminants, dietary PUFA undergo biohydrogenation in
the rumen. cis-9,trans-11 18:2 is formed during biohydrogena-
tion of linoleic acid in the rumen, and it was assumed that this
was the source of cis-9,trans-11 18:2 in milk and intramuscu-
lar fat (9). Griinari et al. (10) and Palmquist (11) showed that
the primary source of cis-9,trans-11 18:2 is the endogenous
synthesis involving ∆9-desaturase and trans vacccenic acid
(18:1 trans-11), another intermediate in ruminal biohydrogena-
tion. Recently, Kay et al. (12) demonstrated that a minimum
estimate of 91% of cis-9,trans-11 18:2 in milk fat was produced
endogenously in cows fed fresh pasture. The lipids in pasture
are high in linolenic acid (18:3n-3), and in the rumen biohy-
drogenation of 18:3n-3 does not result in the production of cis-
9,trans-11 18:2 as an intermediate. The processes of biosyn-
thesis for the formation of CLA and its incorporation into ru-
minant products were described recently in reviews by Song
and Kenelly (13) and Khanal and Dhiman (14). cis-9,trans-11
18:2 is the major CLA isomer in ruminant milk and meat prod-
ucts (15,16). trans-7,cis-9 CLA is the second-most abundant
CLA isomer in ruminant fat and represents approximately 10%
of total CLA in longissimus muscle of bulls (16). The CLA
content of the ruminant fat can be increased by dietary modifi-
cations. 

Several investigations demonstrated that feeding pasture to
dairy cows doubles the CLA content of milk fat (17,18). Re-
cently, Kraft et al. (19) and Collomb et al. (20) showed differ-
ences between the CLA isomer distribution in milk lipids of
cows fed indoors with diets having high levels of unsaturated
FA concentrate and of cows grazing in the Alps (Switzerland).

The concentrations of many CLA isomers were highest in
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the milk fat of cows fed on pasture in the Alps. In addition to
the main isomer, cis-9,trans-11 18:2, there was a difference in
the second-most abundant CLA isomer. trans-11,cis-13 18:2,
in milk fat of pasture-fed cows CLA represented more than a
fourth of the total CLA present in milk fat (19,20). However,
overall there is only limited information about the effect of
pasture on the concentration of individual CLA isomers in beef
fat. Until now, the effects of pasture feeding on the CLA iso-
mer distribution were predominantly investigated in milk prod-
ucts. Only a few publications deal with the CLA isomer distri-
bution in different beef tissues. Nuernberg et al. (21) and Dan-
nenberger et al. (22) described the effects of CLA isomer
distribution in longissimus muscle of German Simmental and
German Holstein bulls fed pasture compared with concentrates
indoors. Pasture feeding compared with concentrate feeding
decreased the proportion of trans-7,cis-9 18:2 to 4.1% of total
CLA in the muscle and increased trans-11,cis-13 18:2 up to
18.5% of total CLA. Furthermore, pasture feeding resulted in
significantly higher concentrations of trans-12,trans-14 18:2
and trans-11,trans-13 18:2 among the CLA trans,trans 18:2
isomers in the muscle lipids of both breeds (21,22). 

In measuring CLA, it is important to separate the individual
CLA isomers because of the different effects of some CLA iso-
mers in biological systems. This is particularly important be-
cause the CLA distribution pattern in the tissue lipids will be
affected by different diet systems. The silver-ion HPLC (Ag+-
HPLC) method has proven very useful for the separation of
geometrical and positional CLA isomers (23–25). 

A large study was established to investigate the effect of
feeding pasture vs. concentrate to two different breeds (Ger-
man Holstein and German Simmental) on the meat quality and
the FA composition of intramuscular fat in muscles of bulls.
The results regarding aspects of meat quality and FA composi-
tion in different lipid fractions (total lipids, TG, and phospho-
lipids) have been reported recently by Nuernberg et al. (26) and
Dannenberger et al. (22, 27). This paper reports the effects of
pasture vs. concentrate diet on the concentration (mg/100 g
fresh tissue) of individual CLA isomers in longissimus muscle,
semitendinosus muscle, subcutaneous fat, and heart muscle and
liver of German Holstein and German Simmental bulls. 

EXPERIMENTAL PROCEDURES

Materials. Sixty-four bulls of two breeds (5–6 mon old), Ger-
man Simmental (n = 31) and German Holstein (n = 33), were
randomly assigned to two dietary treatments, concentrate or
pasture. German Simmental (n = 16) and German Holstein
bulls (n = 17) fed on concentrate were kept in a stable and fed
using single-fodder workstations. The concentrate ration con-
sisted of winter barley, molasses particles, soybean extraction
particles, calcium carbonate, sodium chloride, and a mixture of
minerals and vitamins. The forage component of the diet con-
sisted of maize silage (13.8 kg/d), concentrated feed (3.2 kg/d),
soybean extraction particles (0.15 kg/d), hay (0.1 kg/d), and
straw (0.09 kg/d). German Simmental (n-15) and German Hol-
stein bulls (n-16) were kept on pasture during two summer

periods (approximately 160 d) followed by indoor periods (ap-
proximately 190 d) when animals received semi-ad libitum a
high-energy diet. The latter consisted of wilted silage (15 kg/d),
hay (0.7 kg/d), a mixture of minerals and a mixture of vitamins,
and a special concentrate diet containing 12% barley, 10%
coarsely cracked linseed, and a mixture of minerals and vita-
mins. The chemical composition including the FA composition
of the diets has been reported by Nuernberg et al. (26). All bulls
were slaughtered at 620 kg live weight in the abattoir of the Re-
search Institute for the Biology of Farm Animals Dummerstorf
(Germany) and the carcasses were chilled (4°C) before muscle
samples were removed. The heart and liver samples were taken
immediately (35 min) after slaughter. Samples of the longis-
simus and semitendinosus muscles and of the subcutaneous fat
were taken at the sixth rib of the left carcass side 24 h after
slaughter and stored frozen at −70°C until lipid extraction and
assessment of the FA composition of the muscle lipids. 

A reference standard, Sigma-FAME mixture, and a mixture
of methyl esters of CLA were obtained from Sigma-Aldrich
(Deisenhofen, Germany). Individual isomers of CLA methyl
esters (CLA-ME), cis-9,trans-11 18:2, trans-9,trans-11 18:2,
trans-10,cis-12 18:2, and cis-9,cis-11 18:2, were purchased
from Matreya (Pleasant Gap, PA). All solvents used were
HPLC grade from Lab-Scan (Dublin, Ireland). 

Methods. (i) Extraction of tissue lipids. The intramuscular fat
from 1 to 2 g of tissue was extracted with chloroform/methanol
(2:1, vol/vol) according to Folch et al. (28) by homogenization
(UltraTurrax, 3 × 15 s, 12,000 rpm) at room temperature. The
details of muscle lipid extraction were described previously (21).
Nonadecanoic acid methyl ester, used as an internal standard,
was added to the lipids prior to saponification and methylation. 

(ii) GC analysis. The FA composition of tissue lipids was
determined by capillary GC using a CP SIL 88 CB column
(100 m × 0.25 mm; Chrompack-Varian, Bridgwater, NJ) in-
stalled in a PerkinElmer gas chromatograph Autosys XL with
an FID and split injection (PerkinElmer Instruments, Shelton,
CT). Initial oven temperature was 150°C, held for 5 min, sub-
sequently increased to 175°C at a rate of 2°C min−1, held for
15 min, then to 200°C at 7°C min−1, held for 20 min, then to
220°C at 5°C min−1 and held for 25 min. Hydrogen was used
as the carrier gas at a flow rate of 1 mL min−1. The split ratio
was 20:1, the injector was set at 260°C, and the detector at
280°C. The amounts were calculated using the internal stan-
dard method of Turbochrom workstation software. The calcu-
lation for the index of stearoyl CoA desaturase (∆9-desaturase)
activity was calculated according Malau-Aduli et al. (29) [∆9-
Desaturase index = 100 × (14:1 + 16:1 + 18:1)/(14:1 + 16:1 +
18:1 + 14:0 + 16:0 + 18:0)]. 

(iii) Ag+-HPLC. The distribution of CLA isomers was deter-
mined using an HPLC system (LC10A; Shimadzu, Tokyo,
Japan) equipped with a 50 µL injection loop, a photodiode array
detector (SPD-M10Avp; Shimadzu) operated at 233 nm, and an
operating system (Shimadzu CLASS-VP version 6.12 sp4). Two
ChromSpher 5 Lipids silver-impregnated columns (4.6 mm i.d.
× 250 mm stainless steel; 5 µm particle size; Varian, Palo Alto,
CA) were used in series. The mobile phase (0.1% acetonitrile,
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0.5% diethyl ether in n-hexane) was prepared fresh daily and
pumped at a flow rate of 1.0 mL/min. The injection volume de-
pended on the total amounts of CLA and ranged between 20 and
40 µL. The Ag+-HPLC quantification of CLA isomers is based
on the measurement of the integrated area under the 233 nm
peaks attributed to conjugated dienes. The identification of the
CLA isomers was made by the retention times of the standard
compounds (cis-9,trans-11 18:2, trans-9,trans-11 18:2, trans-
10,cis-12 18:2, and cis-9,cis-11 18:2). Starting from these com-
pounds, the other isomers were identified from the known elu-
tion order. The elution order of the CLA isomers in beef was re-
ported previously by Fritsche et al. (16) and Rickert et al. (23)
and recently reviewed by Cruz-Hernandez et al. (25). Addition-
ally, the identity of each isomer was controlled by the typical UV
spectra of CLA isomers from the photodiode array detector in
the range from 190 to 360 nm. The external calibration plots of
the standard solutions were adapted to the different concentra-
tion levels of the individual CLA isomers in the lipid extracts.
The external calibration plot of area vs. µg cis-9,trans-11 18:2
was prepared for a standard mixture in a range of 9.0 to 700
µg/mL. The external calibration plots of area vs. µg trans-
9,trans-11 18:2, µg trans-10,cis-12 18:2, and µg cis-9,cis-11
18:2 were made for a standard mixture in the range of 0.5 to 20
µg/mL. The calibration of trans-9,trans-11 18:2 was used for the
other trans,trans 18:2 isomers; the calibration of trans-10,cis-12
18:2 for the cis,trans– trans, cis isomers; and the cis-9,cis-11
18:2 calibration for the other cis,cis 18:2 isomers. Fritsche et al.
(16) already have described this procedure for quantification of
CLA isomers, which is not commercially available, in beef fat.
Because of possible formation of artifacts during the sample

preparation procedure, the very low concentrations of CLA iso-
mers (<0.02 mg/100 g fresh tissue) were indicated as ND (not
detectable). The detection limit of CLA isomers was calculated
from the fivefold signal/noise ratio.

Statistical analysis. All data were analyzed by the least-
squares method using the GLM procedures of the Statistical
Analysis System (SAS© Systems, Release 8.2, SAS Institute
Inc., Cary, NC). All tables contain the least squares mean
(LSM) and the standard error (SEM) of the LSM. All statisti-
cal tests of LSM were performed for a significance level of P =
0.05.

RESULTS

The distribution pattern of CLA isomers in the intramuscular
fat of the longissimus muscle, semitendinosus muscle, heart,
and liver were very similar to that in the subcutaneous fat of
both breeds. The predominant CLA isomer in all samples was
cis-9,trans-11 18:2. The concentration of cis-9,trans-11 18:2
(mg/100 g fresh muscle) was highest in subcutaneous fat, up to
325 mg/100 g muscle, followed by the intramuscular fat of the
longissimus and liver muscle, 14.4 and 10.2 mg/100 g muscle,
respectively. The lowest values of cis-9,trans-11 18:2 occurred
in the intramuscular fat of semitendinosus and heart muscle,
ranging from 1.7 to 4.8 mg/100 g fresh muscle (Tables 1 to 5).
The concentration of cis-9,trans-11 18:2 in the lipids of heart,
liver, and semitendinosus muscle of both breeds was signifi-
cantly affected by the diet. Pasture feeding as compared with
concentrate feeding significantly increased the concentration
of cis-9,trans-11 18:2 in heart and liver muscle by a factor of
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TABLE 1
Concentrations of CLA Isomers (mg/100 g fresh muscle) in Intramuscular Fat of Longissimus Muscle of German
Holstein and German Simmental Bulls

German Holsteina German Simmentala

Concentrate Pasture Concentrate Pasture

LSM SEM LSM SEM LSM SEM LSM SEM Significanceb

n = 14 n = 14 n = 13 n = 13 (P < 0.05)

I.m. fat (%) 2.7 0.2 2.3 0.2 2.6 0.2 1.5 0.3 D
trans,transc

trans-12,trans-14 18:2 0.07 0.04 0.5 0.04 0.03 0.05 0.1 0.04 D, B, D*B
trans-11,trans-13 18:2 0.1 0.08 0.8 0.07 0.05 0.08 0.2 0.08 D, B, D*B
trans-10,trans-12 18:2 0.1 0.02 0.2 0.02 0.07 0.03 0.06 0.03 B
trans-9,trans-11 18:2 0.2 0.04 0.4 0.04 0.1 0.04 0.1 0.04 B, D*B
trans-8,trans-10 18:2 0.07 0.02 0.1 0.02 0.04 0.02 0.02 0.02 B
trans-7,trans-9 18:2 0.06 0.02 0.2 0.02 0.04 0.02 0.05 0.02 D, B, D*B
cis,trans; trans,cisc

cis-12,trans-14 18:2 0.1 0.03 0.3 0.03 0.07 0.03 0.08 0.03 D,B,D*B
trans-11,cis-13 18:2 0.2 0.02 2.9 0.23 0.1 0.2 1.0 0.2 D,B,D*B
trans-10,cis-12 18:2 0.2 0.03 0.4 0.03 0.1 0.04 0.2 0.04 D, B
cis-9,trans-11 18:2 11.7 1.5 14.4 1.5 6.5 1.5 8.0 1.5 B
trans-8,cis-10 18:2 0.4 0.1 0.4 0.09 0.2 0.1 0.2 0.1 B
trans-7,cis-9 18:2 1.4 0.2 1.6 0.2 0.7 0.2 0.5 0.2 B
∆9-Desaturase indexd 50.9 0.8 46.4 0.8 48.6 0.8 44.9 0.8 D, B 
aLSM, least square means; SEM, standard error of LSM; I.m. fat, intramuscular fat.
bD, significant influence of diet; B, significant influence of breed; D*B, significant interaction of D*B.
cGeometric configuration of the double bond (cis,trans; trans,cis isomers are the sum of both geometrical isomers).
dCalculated according Malau-Aduli et al. (29).



approximately 1.4. No diet effect was detected for the cis-
9,trans-11 18:2 content in longissimus muscle and subcuta-
neous fat (Tables 1, 3). However, a pasture diet significantly
decreased the cis-9,trans-11 18:2 concentration in semitendi-
nosus muscle (Table 2). 

No diet effect was observed for the trans-7,cis-9 18:2 isomer
in the muscle lipids of tissues, except semitendinosus and heart

muscle. This isomer was identified by Fritsche et al. (16) and Yu-
rawecz et al. (30) and reported to be the second-most abundant
CLA isomer in commercial milk fat and beef muscle. However,
this study has found that the second-most abundant CLA isomer
in muscle lipids and subcutaneous fat of pasture-fed bulls was
trans-11,cis-13 18:2. The highest concentration of trans-11,cis-
13 18:2 was measured in subcutaneous fat of pasture-fed German
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TABLE 2
Concentrations of CLA Isomers (mg/100 g fresh muscle) in Intramuscular Fat of Semitendinosus Muscle
of German Holstein and German Simmental Bullsa

German Holsteina German Simmentala

Concentrate Pasture Concentrate Pasture

LSM SEM LSM SEM LSM SEM LSM SEM Significanceb

n = 14 n = 13 n = 12 n = 10 (P < 0.05)

I.m. fat (%) 0.7 0.06 0.9 0.06 0.9 0.06 0.8 0.06
trans,transc

trans-12,trans-14 18:2 ND 0.005 0.04 0.005 0.02 0.005 0.03 0.006 D
trans-11,trans-13 18:2 0.03 0.008 0.04 0.008 0.03 0.009 0.05 0.01
trans-10,trans-12 18:2 ND ND ND ND
trans-9,trans-11 18:2 0.03 0.007 0.03 0.008 0.05 0.01 0.02 0.01
trans-8,trans-10 18:2 0.03 0.008 ND 0.008 0.04 0.009 ND 0.009 D
trans-7,trans-9 18:2 ND ND ND ND
cis,trans; trans,cisc

cis-12,trans-14 18:2 ND 0.003 0.02 0.003 ND 0.003 0.02 0.003 D
trans-11,cis-13 18:2 0.04 0.04 0.2 0.04 0.05 0.04 0.3 0.04 D
trans-10,cis-12 18:2 0.04 0.005 0.03 0.005 0.06 0.005 0.02 0.006 D, D*B
cis-9,trans-11 18:2 3.1 0.4 2.6 0.5 3.4 0.5 1.7 0.54 D
trans-8,cis-10 18:2 0.04 0.008 0.02 0.008 0.03 0.007 0.04 0.008 D*B
trans-7,cis-9 18:2 0.4 0.03 0.1 0.04 0.4 0.04 0.1 0.04 D
∆9-Desaturase indexd 54.3 0.7 48.6 0.7 50.7 0.8 47.4 0.8 D, B 
aLSM, least square means; SEM, standard error of LSM; I.m. fat, intramuscular fat; ND, not detected.
bD, significant influence of diet; B, significant influence of breed; D*B, significant interaction of D*B.
cGeometric configuration of the double bond (cis,trans; trans,cis isomers are the sum of both geometrical isomers).
dCalculated according Malau-Aduli et al. (29).

TABLE 3
Concentrations of CLA Isomers (mg/100 g fresh tissue) in Subcutaneous Fat of German Holstein and German
Simmental Bullsa

German Holsteina German Simmentala

Concentrate Pasture Concentrate Pasture

LSM SEM LSM SEM LSM SEM LSM SEM Significanceb

n = 12 n = 14 n = 14 n = 14 (P < 0.05)

I.m. fat (%) 47.6 2.2 39.9 2.3 42.2 2.4 37.8 2.2 D
trans,transc

trans-12,trans-14 18:2 1.0 0.8 5.6 0.8 2.8 0.8 13.4 0.8 D,B,D*B
trans-11,trans-13 18:2 1.8 1.0 7.9 1.0 2.8 1.0 16.9 0.9 D,B,D*B
trans-10,trans-12 18:2 1.2 0.3 1.8 0.2 2.4 0.2 2.2 0.2 B
trans-9,trans-11 18:2 5.9 0.5 7.5 0.5 7.1 0.5 9.5 0.5 D,B
trans-8,trans-10 18:2 1.3 0.3 2.0 0.3 2.7 0.3 2.4 0.3 B
trans-7,trans-9 18:2 1.4 0.4 2.7 0.4 2.7 0.4 3.4 0.4 D,B
cis,trans; trans,cisc

cis-12,trans-14 18:2 1.3 0.7 4.0 0.6 2.3 0.6 8.6 0.6 D,B,D*B
trans-11,cis-13 18:2 4.8 5.2 44.9 4.8 7.4 4.8 110.6 4.8 D,B,D*B 
trans-10,cis-12 18:2 2.3 0.4 1.6 0.4 3.4 0.4 1.5 0.4 D
cis-9,trans-11 18:2 324.6 23.1 299.9 21.4 285.9 21.4 295.1 21.4
trans-8,cis-10 18:2 3.0 1.3 5.6 1.2 6.2 1.2 16.6 1.2 D,B,D*B
trans-7,cis-9 18:2 28.7 4.0 33.2 3.7 58.6 3.7 48.0 3.7 B
∆9-Desaturase indexd 56.1 1.0 48.5 0.9 54.5 0.9 46.4 0.9 D
a–dFor footnotes see Table 2.



Simmental bulls (110 mg/100 g muscle). A pasture diet resulted
in a very high accumulation rate of trans-11,cis-13 18:2 up to a
factor of 14.5 as well as in muscle tissues and subcutaneous fat as
compared with concentrate fed bulls (Tables 1–5). Furthermore,
the concentration of trans-11,cis-13 18:2 was significantly af-
fected by breed. The intramuscular fat in the muscles and the sub-
cutaneous fat of the German Simmental bulls had a significantly
higher concentration of trans-11,cis-13 18:2 as compared with
the German Holstein bulls, except for the longissimus muscle (Ta-
bles 1–5). The concentration of trans-10,cis-12 18:2 was affected

by diet, except in the heart muscle. Pasture feeding increased the
concentration of trans-10,cis-12 18:2 in the lipids of longissimus
muscle and liver and decreased the values in semitendinosus mus-
cle and subcutaneous fat. Overall, the level of trans-10,cis-12
18:2 was generally low in all samples and ranged between 0.02
and 0.35 mg/100 g fresh tissue (Tables 1–5). Among the
trans,trans isomers of CLA, trans-12,trans-14 18:2 and trans-
11,trans-13 18:2 were significantly affected by the diet in all tis-
sues. Pasture feeding resulted in an increase in the concentration
of trans-12,trans-14 18:2 by a factor of approximately 5 in the
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TABLE 4
Concentrations of CLA Isomers (mg/100 g fresh muscle) in the Lipids of Liver Tissue of German Holstein
and German Simmental Bullsa

German Holsteina German Simmentala

Concentrate Pasture Concentrate Pasture

LSM SEM LSM SEM LSM SEM LSM SEM Significanceb

n = 15 n = 13 n = 11 n = 8 (P < 0.05)

I.m. fat (%) 2.9 0.05 3.0 0.07 2.7 0.07 3.0 0.07 D,D*B
trans,transc

trans-12,trans-14 18:2 0.07 0.01 0.3 0.02 0.07 0.02 0.4 0.02 D
trans-11,trans-13 18:2 0.2 0.02 0.5 0.02 0.1 0.02 0.6 0.02 D,D*B
trans-10,trans-12 18:2 0.06 0.01 0.04 0.01 0.03 0.01 0.2 0.01 D,B,D*B
trans-9,trans-11 18:2 0.1 0.01 0.2 0.02 0.08 0.01 0.2 0.01 D
trans-8,trans-10 18:2 0.02 0.006 0.03 0.006 0.02 0.007 0.05 0.008 D
trans-7,trans-9 18:2 0.06 0.01 0.06 0.01 0.06 0.01 0.09 0.02
cis,trans; trans,cisc

cis-12,trans-14 18:2 0.07 0.01 0.1 0.02 0.07 0.02 0.2 0.02 D
trans-11,cis-13 18:2 0.1 0.1 1.3 0.1 0.1 0.11 1.8 0.1 D,B,D*B
trans-10,cis-12 18:2 0.07 0.02 0.2 0.01 0.09 0.01 0.2 0.02 D
cis-9,trans-11 18:2 7.4 0.7 9.9 0.7 7.0 0.8 10.2 0.9 D
trans-8,cis-10 18:2 0.2 0.05 0.6 0.05 0.3 0.06 0.4 0.06 D
trans-7,cis-9 18:2 0.6 0.08 0.7 0.08 0.6 0.09 0.7 0.1
∆9-Desaturase indexd 24.7 0.7 21.2 0.8 25.1 0.8 21.6 0.9 D
a–dFor footnotes see Table 2.

TABLE 5
Concentrations of CLA Isomers (mg/100 g fresh muscle) in the Lipids of Heart Muscle of German Holstein
and German Simmental Bullsa

German Holsteina German Simmentala

Concentrate Pasture Concentrate Pasture

LSM SEM LSM SEM LSM SEM LSM SEM Significanceb

n = 14 n = 14 n = 13 n = 13 (P < 0.05)

I.m. fat (%) 1.8 0.04 1.7 0.04 1.8 0.04 1.8 0.04 D,D*B
trans,transc

trans-12,trans-14 18:2 ND 0.003 0.02 0.003 ND 0.003 0.04 0.003 D,D*B
trans-11,trans-13 18:2 0.02 0.006 0.07 0.006 0.02 0.007 0.1 0.006 D,B,D*B
trans-10,trans-12 18:2 ND ND ND ND
trans-9,trans-11 18:2 ND ND ND ND
trans-8,trans-10 18:2 ND ND ND ND
trans-7,trans-9 18:2 ND ND ND ND
cis,trans; trans,cisc

cis-12,trans-14 18:2 ND 0.003 0.02 0.003 ND 0.003 0.03 0.003 D,D*B
trans-11,cis-13 18:2 0.04 0.04 0.4 0.04 0.04 0.05 0.6 0.04 D,B,D*B 
trans-10,cis-12 18:2 0.02 0.006 0.02 0.005 0.03 0.007 0.04 0.006
cis-9,trans-11 18:2 2.2 0.3 4.0 0.3 2.1 0.3 4.8 0.3 D
trans-8,cis-10 18:2 0.03 0.005 0.04 0.005 0.03 0.006 0.02 0.005
trans-7,cis-9 18:2 0.1 0.03 0.3 0.03 0.20 0.04 0.3 0.03 D
∆9-Desaturase indexd 35.5 0.8 33.0 0.8 34.5 0.9 34.6 0.8
a–dFor footnote see Table 2.



muscle tissues and subcutaneous fat (Tables 1–5). Furthermore,
pasture feeding resulted in a significantly higher concentration of
trans-11,trans-13 18:2 in all tissues. The concentrations of trans-
10,trans-12 18:2, trans-9,trans-11 18:2, trans-8,trans-10 18:2,
and trans-7,trans-9 18:2 were lower than the two other
trans,trans isomers, described above. In the semitendinosus and
heart muscles these trans,trans 18:2 isomers were mostly not de-
tected. Additionally, the cis,cis 18:2 isomers were below the de-
tection limit in all samples investigated. The peaks detected in the
region of the CLA cis,cis isomers of the Ag+-HPLC chromato-
grams did not show UV spectra (photodiode array detector from
190 to 360 nm) typical of CLA isomers and were not identified
as CLA cis,cis isomers. The geometrical isomer pairs of
cis,trans/trans,cis 18:2 could not be separated by using a double-
Ag+-HPLC column system. The concentrations of cis,trans or
trans,cis18:2 in Tables 1 to 5 are the sum of both geometrical iso-
mers. The use of six Ag+-HPLC columns in series clearly re-
solved (Fig. 1) the two 11,13 geometric isomers (32).

The total FA composition of the longissimus and semitendi-
nosus muscle and subcutaneous fat was reported before
(26,33). The total FA concentration (mg/100 g fresh muscle) of
the heart muscle and liver is summarized in Tables 6 and 7. 

Pasture feeding resulted in a significantly higher concentra-
tion of cis-9,trans-11 18:2 (determined by GC), up to 15.9
mg/100 g fresh muscle in the lipids of liver as compared with

concentrate-fed bulls of both breeds (Tables 6, 7). The level of
cis-9,trans-11 18:2 in the lipids of liver was approximately 2.5
times higher as compared with the concentration in the heart
muscle (Tables 6, 7). Comparison of the cis-9,trans-11 18:2
concentration showed higher values measured by GC as com-
pared with Ag+-HPLC. The values measured by GC included
cis-9,trans-11 18:2, trans-7,cis-9 18:2, and trans-8,cis-10 18:2
(16). However, the sum of cis-9,trans-11 18:2, trans-7,cis-9
18:2, and trans-8,cis-10 18:2 values measured by Ag+-HPLC
is lower than the concentration of cis-9,trans-11 18:2 measured
by GC. One reason could be the occurrence of coeluting com-
pounds detected with GC/FID, also described by Fritsche et al.
(16) and Cruz-Hernandez et al. (25). Pasture-fed bulls had sig-
nificantly increased total and individual n-3 FA concentrations
in liver and heart muscle lipids of both breeds. The highest ac-
cumulation was detected for linolenic acid (18:3n-3) in the
heart muscle of pasture-fed German Holstein bulls (concen-
trate: 13.2 mg/100 g vs. pasture: 59.4 mg/100 g, Table 7). In
contrast, pasture feeding resulted in a significant decrease of
total and individual n-6 FA concentrations in liver and heart
muscle lipids of both breeds. Consequently, the n-6/n-3 ratio
was beneficially low in pasture-fed bulls, ranging between 1.3
and 1.4 in the lipids of liver and 3.2 and 3.6 in the lipids of heart
muscle (Tables 6, 7). However, no diet effect was detected for
the concentration of saturated FA. 
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FIG. 1. Partial silver ion-HPLC chromatograms of subcutaneous fat of concentrate- and pasture-fed German Hol-
stein bulls detected at 233 nm.



DISCUSSION

The occurrence of the main CLA isomer, cis-9,trans-11 18:2,
in the lipids of beef muscles as affected by feeding pasture
compared with concentrate has been extensively investigated
(34–39). Diets containing proportionally high levels of linole-
nic acid in the fat, such as fresh grass, grass silage, concentrates
containing linseed, and pasture feeding with finishing periods,
resulted in increased deposition of cis-9,trans-11 18:2 in the
muscles (22,34,37,38). French et al. (34) reported a significant
increase in cis-9,trans-11 18:2 in muscle of crossbred steers
grazed for 85 d on pasture compared with concentrate, averag-

ing 1.08 and 0.37% of total FA, respectively. Steen and Porter
(37) reported that the content of cis-9,trans-11 18:2 in muscle
and subcutaneous fat from steers finished on pasture was three
times higher than in those on concentrate. Similarly, Poulson et
al. (38) observed a significant increase of cis-9,trans-11 18:2
in muscle of crossbred steers on forage and pasture without
grain supplementation. Our results regarding CLA isomers an-
alyzed by Ag+-HPLC showed that the highest accumulation
rates of the main isomer, cis-9,trans-11 18:2 (based on mg/100
g fresh tissue), occurred in the lipids of heart and liver tissue of
pasture-fed bulls as compared with concentrate-fed bulls (Ta-
bles 4, 5). However, no effect of pasture feeding as compared
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TABLE 6
Total FA Concentration (mg/100 g fresh muscle) in the Lipids of Liver Tissue of German Holstein and German
Simmental Bullsa

German Holsteina German Simmentala

Concentrate Pasture Concentrate Pasture

LSM SEM LSM SEM LSM SEM LSM SEM Significance

n = 17 n = 16 n = 16 n = 15 (P < 0.05)

I.m. fat (%) 2.7 0.07 3.0 0.07 2.9 0.07 3.0 0.07 D,D*B
16:0 263.4 17.1 261.2 17.6 267.0 16.6 257.3 17.1
18:0 721.7 19.4 750.7 20.0 747.6 18.8 769.9 19.4
18:1 cis-9 300.0 15.7 278.6 16.2 300.8 15.3 261.0 15.7
18:3n-3 23.1 4.1 62.0 4.2 21.2 4.0 82.8 4.1 D,B,D*B
cis-9 trans-11 18:2b 7.0 1.0 15.9 1.1 10.5 1.0 14.0 1.0 D,D*B
18:1-trans-11 28.0 1.9 50.2 2.0 27.8 1.8 36.3 1.9 D,B,D*B
Sum SFA 1017.3 31.7 1058.9 32.7 1052.7 30.7 1074.5 31.7
Sum UFA 1413.6 34.6 1297.4 35.8 1348.1 33.6 1358.1 34.6
Sum PUFA 957.4 22.8 809.0 23.6 886.5 22.1 923.4 22.8 D,D*B
Sum n-3 FA 154.3 10.3 346.8 10.7 151.4 10.0 372.3 10.3 D
Sum n-6 FA 735.7 16.1 422.0 16.6 684.0 15.6 509.2 16.1 D,D*B
n-6/n-3 ratio 4.9 0.1 1.3 0.1 4.6 0.1 1.4 0.1 D
aLSM, least square means; SEM, standard error of LSM; SFA, saturated FA; UFA, unsaturated FA; for other abbreviations see
Table 2.
bDetermined by GC, co-elution.

TABLE 7
Total FA Concentration (mg/100 g fresh muscle) in the Lipids of Heart Muscle of German Holstein and German
Simmental Bullsa

German Holsteina German Simmentala

Concentrate Pasture Concentrate Pasture

LSM SEM LSM SEM LSM SEM LSM SEM Significance

n = 17 n = 16 n = 16 n = 15 (P < 0.05)

I.m. fat (%) 1.8 0.04 1.8 0.04 1.8 0.04 1.7 0.04 D,D*B
16:0 203.1 6.9 200.1 7.1 176.5 6.7 174.1 6.9 B
18:0 272.0 9.3 267.0 9.6 235.7 9.1 241.3 9.4 B
18:1 cis-9 243.0 13.0 227.8 13.4 214.5 12.6 193.1 13.0 B
18:2n-6 417.2 8.1 306.4 8.3 392.8 7.8 331.4 8.1 D,D*B
cis-9 trans-11 18:2b 3.2 0.2 6.5 0.2 2.9 0.2 5.3 0.2 D,B,D*B
18:3n-3 13.2 1.4 59.4 1.5 11.7 1.4 58.1 1.4 D
18:1trans-11 23.8 1.5 36.4 1.6 19.9 1.5 25.5 1.5 D,B,D*B
Sum SFA 503.4 17.0 500.4 17.5 436.3 16.5 443.5 17.0 B
Sum UFA 982.3 19.1 912.7 19.8 910.4 18.6 870.7 19.1 D,B
Sum PUFA 639.3 9.7 567.4 10.0 611.0 9.4 582.3 9.7 D,D*B
Sum n-3 FA 34.6 2.1 131.9 2.2 37.3 2.1 123.2 2.1 D,D*B
Sum n-6 FA 592.1 9.1 420.0 9.4 560.3 8.8 445.7 9.1 D,D*B
n-6/n-3 ratio 17.1 0.3 3.2 0.3 15.2 0.3 3.6 0.3 D,B,D*B
a,bFor footnotes see Table 6.



with concentrate was found for cis-9,trans-11 18:2 in the lipids
of longissimus muscle and the subcutaneous fat as well as of
German Holstein and German Simmental bulls. Furthermore,
pasture feeding significantly decreased the cis-9,trans-11 18:2
concentration in the semitendinosus muscle (Table 2). 

Most of the studies of biosynthetic formation of CLA, pre-
dominantly cis-9,trans-11, involving animals that were pasture-
fed were carried out with milk fat (10–12,19,20). The lipids in
pasture are high in linolenic acid (18:3n-3), and the biohydro-
genation by rumen microorganisms does not include cis-9,trans-
11 18:2 as an intermediate (9). Trans vaccenic acid (18:1 trans-
11) is formed during the biohydrogenation of linolenic acid and
linoleic acid to stearic acid, and therefore trans vaccenic acid is a
common intermediate in the metabolic pathway of linoleic and
linolenic acids (9). Griinari and Bauman (40) concluded that a
relatively small proportion of the cis-9,trans-11 18:2 formed in
the rumen escapes and is available for deposition in the muscles.
Griinari et al. (10) showed that the primary source of cis-9,trans-
11 18:2 was from the endogenous synthesis involving ∆9-desat-
urase and trans vaccenic acid. Recently, Kay et al. (12) con-
firmed these results and demonstrated that approximately 90%
of cis-9,trans-11 18:2 in milk fat was produced endogenously in
cows fed fresh pasture. Furthermore, Piperova et al. (41) investi-
gated duodenal samples and estimated that rumen synthesis of
CLA was 4 to 7% and the rest derived through endogenous syn-
thesis. No similar studies have been reported to investigate the
importance of endogenous synthesis of CLA isomers in the adi-
pose tissue of ruminant muscles. However, ∆9-desaturase also
occurs in the small intestine and adipose tissue of ruminants (42),
suggesting some endogenous synthesis may occur in these tis-
sues as well. Very recently, Khanal and Dhiman (14) speculated
that the contribution from the endogenous synthesis in muscle
tissues is similar to that reported for milk because trans vaccenic
acid and ∆9-desaturase are the two primary prerequisites for the
synthesis of cis-9,trans-11 18:2. The ∆9-desaturase enzyme is
active in ruminant adipose tissue (43), and their mRNA is well
expressed (44). 

Pasture feeding increased the concentration of cis-9,trans-
11 18:2 in the lipids of liver and heart muscle by a factor of ap-
proximately 2.0 as compared with concentrate feeding (Tables
4, 5). Also, the trans vaccenic acid concentrations were in-
creased in the lipids of liver and heart muscle of pasture-fed
bulls (Tables 6, 7). However, the other important parameter for
the endogenous synthesis of cis-9,trans-11 18:2, the ∆9-desat-
urase activity, calculated as a ∆9-desaturase index according to
Malau-Aduli (29), was significantly decreased by pasture feed-
ing in the liver tissue (German Holstein bulls, concentrate:
24.7, pasture: 21.2, Table 4). No diet effect was found for the
∆9-desaturase index in heart muscle (Table 5). The cis-9,trans-
11 18:2 concentrations in the longissimus muscle tended to be
higher in pasture compared with concentrate-fed bulls (signifi-
cance at P = 0.58). The concentration of cis-9,trans-11 18:2 in
the longissimus muscle was strongly correlated (P < 0.001)
with trans-11 18:1 (r = 0.80, confidence interval 0.50–0.93)
and also with trans-9 18:1 (r = 0.75, confidence interval
0.40–0.91), and trans-10 18:1 (r = 0.86, confidence interval

0.63–0.95) in pasture-fed compared with concentrate-fed bulls
as described earlier (22). 

Kay et al. (12) presented the first study to examine the impor-
tance of endogenous synthesis of cis-9,trans-11 18:2 in milk fat
of pasture-fed cows. Pasture diets have a number of differences
that are important considerations in the biology of cis-9,trans-11
18:2 in milk. First, pasture results in a milk fat with a higher con-
tent of cis-9,trans-11 18:2 than observed with typical totally
mixed ration diets. Second, the FA present in concentrates and
most plant oils that are used in dairy cow diets are high in linoleic
acid (12). On the contrary, pasture lipids are high in linolenic
acid, and its biohydrogenation produces trans vaccenic acid, but
not cis-9,trans-11 18:2, as an intermediate (9). These differences
suggest that endogenous synthesis may be a relatively more im-
portant source of CLA in milk from cows consuming pasture
(12). Recently, different studies have shown the diet effect of
pasture feeding on the distribution of all CLA isomers in lipids
of milk fat analyzed by Ag+-HPLC (19,20). However, the
knowledge of the distribution of Ag+-HPLC-analyzed CLA iso-
mers in the lipids of beef products affected by pasture feeding is
limited (21,22). Our study showed that, besides cis-9,trans-11
18:2, pasture feeding affected the concentration of trans-11,cis-
13 18:2, trans-11,trans-13 18:2, and trans-12,trans-14 18:2 in
the lipids of longissimus, liver, heart muscle and subcutaneous
fat in German Holstein and German Simmental bulls, (Tables 1,
3, 4, 5). Pasture compared with concentrate feeding led to a very
high accumulation of the isomer trans-11,cis-13 18:2, up to a
factor of 14.5, as well as in muscle tissues and subcutaneous fat.
The second- and third-highest accumulations in tissues and sub-
cutaneous fat of pasture-fed bulls were observed for the trans-
11,trans-13 and trans-12,trans-14 18:2 isomers, up to a factor of
7.1, respectively. These results confirmed the investigations of
Kraft et al. (19) and Collomb et al. (20) in lipids of milk fat from
cows fed high levels of unsaturated FA. The concentration of the
trans-11,cis-13 18:2 isomer was about four times higher in milk
fat from grazing cows in the Alps (Switzerland) as compared
with indoor-fed cows (19,20). It is well known that the pathway
for the biohydrogenation in the rumen of linolenic acid (cis-9,cis-
12,cis-15 18:3), up to 65% in the lipids of pasture diets, involves
an initial isomerization to a conjugated triene (cis-9,trans-11,cis-
15 18:3). The next step is the hydrogenation to trans-11,cis-15
18:2, which undergoes further hydrogenation, depending on the
bacteria involved, leaving trans-vaccenic acid. The final product
is stearic acid (9). But the metabolic pathway from the interme-
diate trans-11,cis-15 18:2 to trans-11,cis-13 18:2 is unknown
until now. Collomb et al. (20) inferred that the trans-11,cis-13
18:2 isomer could be a useful indicator of milk products of
Alpine origin. Kraft et al. (19) hypothesized that linolenic acid is
an indirect precursor of trans-11,cis-13 18:2 in milk fat. Further-
more, Kraft et al. (19) discussed that the trans-11 double bond
seems to be the most stable trans-bond among the 18:1 and CLA
isomers during the ruminal fermentation, and they observed the
formation of larger amounts of CLA isomers with a trans-11
double bond—cis-9,trans-11, trans-11,cis-13, and trans-
11,trans-13 18:2 isomers—in milk from grazing cows in the
Alps. Also, we found that, among the CLA trans,trans isomers
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in the lipids of muscle tissues and subcutaneous fat of both
breeds, the trans-11,trans-13 18:2 was the most abundant com-
pound, followed by the trans-12,trans-14 18:2 (Tables 1–5). 

Previous studies showed that the trans-7,cis-9 18:2 isomer
is the second-most abundant CLA isomer in beef meat and milk
products (16,30,45–48). In the muscle lipids and subcutaneous
fat of concentrate-fed German Holstein and German Simmen-
tal bulls, trans-7,cis-9 18:2 was also the second-most abundant
CLA isomer. However, a pasture diet had no effect on the
trans-7,cis-9 18:2 concentration in lipids of longissimus mus-
cle, liver, and subcutaneous fat. The trans-7,cis-9 18:2 concen-
tration in the lipids of heart and semitendinosus muscle was
slightly increased and decreased, respectively, in pasture-fed
bulls as compared with concentrate. Because of the signifi-
cantly higher concentrations of trans-11,cis-13 18:2, trans-
7,cis-9 18:2 is the third-most abundant isomer in the tissue
lipids of pasture-fed bulls. Corl et al. (49) studied the metabolic
pathway for the formation of trans-7,cis-9 18:2 in the rumen of
dairy cows and showed that this CLA isomer is synthesized en-
dogenously almost exclusively by ∆9-desaturase using rumen-
derived trans-7 18:1 as the substrate. Piperova et al. (46) also
concluded that almost all trans-7,cis-9 18:2 present in milk fat
was produced postruminally. The endogenous synthesis of
trans-7,cis-9 18:2 in intramuscular and subcutaneous fat was
not investigated until now, but it could be expected to be analo-
gous to that of cis-9,trans-11 18:2 since both of them use the
activity of the same enzyme. As mentioned earlier, in our study
pasture feeding decreased the ∆9-desaturase activity, calculated
as a ∆9-desaturase index according to Malau-Aduli (29). That
could be one reason why the CLA trans-7,cis-9 were not af-
fected by pasture compared with concentrate diet in most of the
investigated tissues. 

The concentration of trans-10,cis-12 18:2 was affected by
diet, except in the heart muscle. Pasture feeding resulted in an
increased trans-10,cis-12 18:2 concentration in the lipids of
longissimus and liver muscle and in decreased concentration in
the lipids of semitendinosus muscle and subcutaneous fat as
compared with concentrate feeding. Though important physio-
logically, the proportion of trans-10,cis-12 18:2 to the sum of all
isomers in the lipids of pasture- and concentrate-fed bulls was
quite low (0.3–1.8%). Because mammals do not have ∆12-desat-
urase, trans-10,cis-12 18:2 cannot be endogenously produced.
trans-10,cis-12 18:2 reported in the lipids of milk and tissue orig-
inates from the absorption processes in the intestine (19). 

Thus, pasture feeding resulted in a variation in the distribu-
tion pattern and concentration level of individual CLA isomers
in all investigated tissues. Overall, pasture feeding enhanced the
concentration of the sum of CLA isomers in the tissue lipids.
Further studies will clarify the high accumulation rates and the
metabolic pathways of CLA trans-11,cis-13 and some isomers
of CLA trans, trans in the tissues of pasture-fed bulls.
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ABSTRACT: Daphnia magna is a common crustacean that is
adapted to brief spells of fasting. Lipids are naturally a major
component of their diet and are stored as energy reserves. How-
ever, there has been some controversy in the literature on the
extent to which dietary lipids are used directly for complex lipid
formation in Daphnia. We examined lipid metabolism in D.
magna by labeling the animals using [1-14C]acetate and then
followed the turnover of radiolabeled lipids during a pulse
chase. Daphnia were either fed or maintained without food dur-
ing the chase period. The decrease in radioactivity during the
chase was relatively unaffected by feeding, although there were
some differences in the distribution of radioactivity between
lipid classes or individual FA. The polar lipids, which were four
times better labeled than nonpolar lipids, contained the most
radioactivity in the zwitterionic phosphoglycerides, PE and PC.
Under the experimental conditions, the turnover of the polar
membrane lipids was unaffected by feeding. Within nonpolar
lipids, TAG accounted for up to about 80% of the label, fol-
lowed by DAG. Overall, our data show that D. magna is capa-
ble of high rates of lipid radiolabeling de novo and, in addition,
is able to use—and indeed may be dependent on—some dietary
components such as the PUFA linoleate and α-linolenate. The
results also clearly show that Daphnia is able to tolerate brief
spells of fasting (24 h) with very little change to its lipid metab-
olism.

Paper no. L9689 in Lipids 40, 599–608 (June 2005).

Crustaceans, like other animals, need a balanced supply of
nutrients for development, growth, reproduction, and sur-
vival. Lipids, together with proteins and carbohydrates, are
important dietary components for crustaceans, in which they
function as both a general energy source and as essential nu-
trients. Crustaceans are considered to be unable to synthesize,
and may consequently require an exogenous source of,
linoleic (18:2n-6) and α-linolenic (18:3n-3) acids as exam-
ples of essential PUFA. However, it should be emphasized
that an essential FA requirement has been unequivocally
demonstrated only in mammals (1). In other organisms they
may be better called essential nutrients, as defined by Lau-
ritzen and Hansen (2). In addition, specific aspects of crus-

tacean lipid nutrition are the requirement for sterols (3) and
possibly some phospholipids (4). Sterols are metabolic pre-
cursors of steroid hormones and molting hormones and can-
not be synthesized by crustaceans de novo (5,6). Dietary
phospholipids, such as PC and/or PI, have been suggested to
accelerate the transport of dietary lipids, especially choles-
terol, in some crustaceans (5). The major lipid classes of most
aquatic animals are phosphoglycerides, TAG, wax esters, and
sterols (7). The phosphoglycerides and sterols are structural
and functional elements of cell membranes, whereas TAG and
wax esters are storage biomolecules that provide metabolic
energy through oxidative catabolic reactions. TAG contents
are often highly variable and depend on the nutritional and
physiological states of organisms. Moreover, they are influ-
enced by environmental factors (8,9). In contrast, the phos-
phoglycerides of a given species are considered to be much
less variable and essentially independent of their nutritional
state (10). 

Although lipids are important for zooplankton (11,12), lit-
tle, in general, is known about lipid metabolic pathways in
freshwater crustaceans. Nevertheless, it has been shown that
zooplankton can accumulate large amounts of lipids (up to
40–70% of their dry body mass) (13,14), and Goulden and
Place (15) were the first researchers who tried to answer the
question “What proportion of accumulated lipids originate
from the diet and how much is synthesized by animals de
novo?” In a series of tracer experiments using 14C-acetate or
3H-water, incorporation of radioactivity into FA was studied
and the rates of de novo FA synthesis were calculated in two
species of daphniids, Daphnia magna and D. pulicaria.
Goulden and Place (16) concluded that no more than 1.6 or
0.16% of the accumulated FA could be biosynthesized by ei-
ther species under high-food and low-food conditions, respec-
tively. According to their results, at least 98% of the total
lipids, and virtually all of the storage lipids, were derived
from the diet. Incorporated radioactivity was largely found in
phosphoglycerides and was not present in storage lipids. In
fact, they concluded that most of the incorporation was a re-
sult of the chain elongation of dietary acids. Thus, they sug-
gested that storage lipid accumulation rates in daphniids were
strongly regulated by the availability of dietary lipids (15,16).

In contrast, Farkas et al. (17) showed that some copepods,
namely, Cyclops strenuus and D. magna, showed substantial
FA synthesis rates. Their calculations indicated that 0.9% of
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the total FA were renewed in 1 h in D. magna, and they sug-
gested that the bulk of FA accumulated in both species could
be synthesized by the animals. They also showed that incor-
poration of radioactivity from labeled acetate into total lipids
was greatly affected by temperature, with large changes in the
pattern of FA labeled in D. magna (17). Various other exter-
nal (e.g., UV light, salinity, dissolved oxygen concentration,
pH, water transparency, stressors) and internal (e.g., repro-
ductive condition) factors may also influence zooplankton
lipid composition and biosynthesis (13,18–20). De novo lipo-
genesis has also been measured in the euphausiids Thy-
sanoessa inermis and T. raschii, where de novo lipogenesis
was shown to be capable of accounting for much of the lipids
accumulated by these animals in the field (21). Moreover, ex-
tensive lipid synthesis in the presence of a substantial input
of dietary lipids has been noted when studying the importance
of de novo lipid biosynthetic activity in the accumulation of
wax esters by marine zooplankton (21). This finding is rela-
tively unusual for animals, where the activity of FA synthase
itself is often repressed by a substantial input of dietary FA
(especially polyunsaturated ones) so that de novo FA biosyn-
thesis no longer proceeds at significant rates (22,23). It is not
known whether such repression takes place in freshwater
copepods, which do not possess active wax ester synthesis
and accumulation. Furthermore, according to Goulden and
Place (15,16), in poorly fed daphniids, the rate of de novo
synthesized FA was 10-fold slower than in well-fed animals.
Thus, answers to the question, “How may food availability
modify basic lipid metabolism in copepods?” are contradic-
tory, and more experimental work is obviously needed to clar-
ify the topic.

In the present work we studied lipid metabolism in the
important freshwater crustacean D. magna by following the
incorporation of radiolabel from [1-14C]acetate in pulse-
chase experiments and its response to either starvation or
feeding using the alga Coccomyxa peltigeracea as a food
source. We used this radiolabeled precursor because it is re-
garded as a good compound with which to examine de novo
FA biosynthesis and to allow comparison with the previous
work referred to above (15–17). Daphnia magna represents
freshwater cladocerans, which are important in the structure
of the zooplankton community. Daphnia spp. are one of the
most important live foods for fish, and D. magna is the
largest of these species. Moreover, although this species has
been widely used as a model animal in ecological, toxico-
logical, and physiological studies (24,25), experimental data
on changes in the lipid biochemistry of daphniids in re-
sponse to altering feeding conditions are limited. Neverthe-
less, a number of publications have reported aspects of lipid
composition (26,27), including those for other Daphnia
species, which include examination of the possible physio-
logical role of the diet (28–35). These provide a good back-
ground to our re-examination of the ability of Daphnia to
synthesize FA de novo and incorporate them into lipids, and
whether these processes are affected by their nutritional sta-
tus.

EXPERIMENTAL PROCEDURES

Chemicals and reagents. FA standards were obtained from
Nu-Chek-Prep. Inc. (Elysian, MN) and silica gel G plates
were from Merck (Darmstadt, Germany). Complex lipid stan-
dards were from Sigma (Poole, Dorset, United Kingdom). [1-
14C]Acetate, Na salt (sp. act. 1.85–2.29 GBq mmol−1) was
from Amersham Life Sciences Ltd. (Bucks, United King-
dom). Other reagents were of the best available grades and
were from Sigma or from BDH (Poole).

Incubations. Stock cultures of D. magna Straus (Crustacea,
Cladocera) were maintained in the laboratory in 0.45-µm
filtered lake water at 24–25°C and fed with the green microalga
C. peltigeracea grown in Bold’s mineral medium (36). New
hatchlings were used, and these were fed for 10 d prior to their
use in the experiments. For pulse-chase experiments, immature
parthenogenic females of D. magna with a body size of 1.7–2.0
mm were selected with a microscope, washed three times with
0.45-µm membrane filtered water, and 50 individuals trans-
ferred into 100-mL flasks containing 50 mL of filtered (0.45
µm) lake water at 24–25°C. This filter treatment of water is
consistent with many previous studies using Daphnia spp.
(28,32,34,35,37). For lipid labeling, 185 KBq of [1-14C]acetate
was added to these flasks, and animals were incubated without
algal food with radiolabel for 22 h (pulse period). At the end of
the pulse period, the animals were rinsed three times with dis-
tilled water and transferred into the new 100-mL flasks con-
taining 50 mL of filtered lake water. (This methodology did not
impair the animal’s ability for active movement or, in longer-
term control experiments, to grow and reproduce. Furthermore,
it did not result in any loss in detectable unlabeled or radiola-
beled lipids compared with using filtered lake water.) Two
feeding treatments were used. Animals in the first group were
kept with no food until the end of the chase period, whereas the
animals in the second group were fed with algae (1 mL, about
10 mg wet wt of the algal suspension to each flask). Sampling
of the animals for lipid extraction was performed at 0, 4, 8, 12,
and 24 h into the chase period. Experiments with each group
were replicated at least three times.

Lipid analysis. Lipids were extracted by a modified
method of Folch et al. (38) as described by Garbus et al. (39).
FAME were prepared by transmethylation with 2.5% H2SO4
in dry methanol. Nonpolar lipids were separated by 1-D TLC
on 20 × 20 cm silica gel G plates with double development,
first with 140:60:1 (by vol) toluene/hexane/formic acid for
the whole plate height, followed by 60:40:1 (by vol)
hexane/diethyl ether/formic acid to half height. Polar lipids
(PL) were separated by 2-D TLC on 10 × 10 cm silica gel G
plates using 65:25:4 (by vol) chloroform/methanol/water in
the first dimension and then 50:20:10:10:5 (by vol) chloro-
form/acetone/methanol/acetic acid/water in the second direc-
tion. Plates were sprayed with 0.05% (wt/vol) 8-anilino-4-
naphthosulfonic acid in methanol and viewed under UV light
to reveal lipids or were visualized under iodine vapor. Identi-
fication was made by reference to authentic standards and was
confirmed using specific color reagents (40).
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FA identification and analysis. Radiolabeled FAME were
analyzed by radio-GLC using a Unicam GCD gas chromato-
graph connected via an effluent splitter to a LabLogic RAGA
(LabLogic, Sheffield, United Kingdom) gas flow proportional
counter. Glass columns (1.5 m × 4 mm i.d.) were packed with
10% SP-2330 on a 100/120 Supelcoport (Supelco, Bellefonte,
PA). The SP-2330 column was run isothermally at 180°C.
Routine identification was by reference to standards, and
quantification (Rachel Software, LabLogic) was made by ref-
erence to an internal standard of pentadecanoate. Identifica-
tion of FA was made by comparison with standards using
GLC on a capillary column. GC of FAME was performed
using a Hewlett-Packard model 5890 series II gas chromato-
graph equipped with a split/splitless injector, autosampler,
and FID. A capillary column of fused silica coated with CP-
Wax 52CBTM (0.25 mm i.d. × 25 m in length, 0.2 µm film
thickness; Chrompack UK Ltd., London, United Kingdom)
was used, and hydrogen was the carrier gas at an initial flow
rate of 1 mL min−1. After holding the temperature at 170°C
for 3 min, the column was temperature-programmed at 4°C
min−1 to 220°C and then held at this point for an additional
15 min. In all analyses, the detector was set at 300°C, the in-
jector at 230°C, and a split ratio of 50:1 was used. An HP
3365 Chemstation (Hewlett-Packard Ltd., Stockport, United
Kingdom) was used for data acquisition. 

Preparation of 4,4-dimethyloxazoline (DMOX) deriva-
tives. The FAME were hydrolyzed with 0.1 mol L−1 KOH in
90% aqueous ethanol (0.25 mL per mg of sample) at 50°C for
3 h. After acidification with acetic acid and addition of water
(2 mL), the FFA were extracted twice with 1:1 (vol/vol) di-
ethyl ether/isohexane (6 mL, then 3 mL). The combined or-
ganic layers were passed through a short (3-cm) column of
anhydrous sodium sulfate prepared in a Pasteur pipette, and
were taken to dryness under nitrogen at 30°C on a heating
block. The FFA were converted to DMOX derivatives by
heating with 2-amino-2-methyl-1-propanol (0.25 mL) at
190°C for 16 h. These DMOX derivatives were made in order
to have stable components for positional double-bond analy-
sis without migration. On cooling, water (5 mL) was added
and the DMOX derivatives were extracted with 1:1 (vol/vol)
diethyl ether/isohexane (5 mL). The aqueous layer was re-ex-
tracted with fresh solvent (2 mL), and the combined solvent
extracts were washed with water (3 mL) and dried over anhy-
drous sodium sulfate. Finally, the solvent extract was passed
through a short (3-cm) column of anhydrous sodium sulfate
prepared in a Pasteur pipette. The column was washed with
isohexane and the sample containing the DMOX derivatives
was taken to dryness under nitrogen at 30°C on a heating
block. The DMOX derivatives were dissolved in isohexane
containing BHT (50 ppm) and kept at −20°C until they were
analyzed.

The positions of double bonds in the hexadecenoic and oc-
tadecenoic acid fractions were determined by GC–MS of their
DMOX derivatives using a Hewlett-Packard 5890 Series II
Plus gas chromatograph fitted with an on-column injector and
a SUPELCOWAXTM 10 (0.25 mm × 30 m, 0.25 µm film

thickness; Supelco) capillary column, connected to a Hewlett-
Packard 5989B MS Engine quadrupole mass spectrometer.
The column temperature was held at 80°C for 3 min, temper-
ature-programmed to 170°C at 20°C min−1, then to 240°C at
2°C min−1 and to 280°C at 5°C min−1, and was finally held at
280°C for 15 min. Helium was the carrier gas, at a flow rate
of 1.4 mL min−1, and pressure-programming was used in con-
stant flow mode. The mass spectrometer was operated in EI
mode at an ionization energy of 70 eV.

Radioactive counting was made using dried lipid or aque-
ous samples and Opti-Fluor (Packard Bioscience B.V.,
Groningen, The Netherlands) scintillant and a Beckman 1209
Rackbeta liquid scintillation counter. Quench correction was
by the external standard channels ratio method.

Statistical analysis. Analysis was carried out using at least
three independent samples in triplicate and a one-way
ANOVA using Tukey’s test comparing fed vs. starved ani-
mals.

RESULTS

Figure 1 shows the total lipid labeling in D. magna during a
pulse-chase experiment. The label was significantly reduced
(30–40%) in the first 4 h of chase, was relatively stable for
the following 8 h of chase, and halved in the next 12 h of the
chase period. The data also show that there were no statisti-
cally significant differences in the labeling of total lipids from
[1-14C]acetate in D. magna as a response to food supply dur-
ing the chase period (Fig. 1). Among nonpolar lipids, DAG,
sterols, nonesterified FA, TAG, waxes, and steryl esters were
identified in D. magna (data not shown). TAG were the main
labeled class, accounting for 50–80% of the total nonpolar
lipid labeling.

For the nonpolar lipid fraction, some differences were
noted in response to feeding (Fig. 2). Thus, the labeling in
starved animals followed, to some extent, the labeling of total
lipids noted above (Fig. 1) with a decrease in the first 4 h, less
change in the next 8 h, and a decrease again in the period
12–24 h (Figs. 1,2). The final level of radiolabeling of total
nonpolar lipids (Fig. 2) and its major component, TAG (Fig.
3), was significantly less for starved than for fed Daphnia. In
contrast to the time-course of the total nonpolar lipid labeling
in starved Daphnia, that of fed animals showed an increase
between 4 and 12 h. As expected (given that TAG represented
up to 80% of the labeling of the total nonpolar lipids), the
time-courses of TAG labeling in fed vs. starved Daphnia were
similar (Fig. 3B) to those for the total nonpolar lipids (Fig.
2). Thus, because of the increase in TAG labeling in the 4–12
h chase period for fed Daphnia, the amount of radioactivity
in this lipid at the end of the chase period was about 75% of
the starting value, whereas in starved animals the value was
about 25%. Unexpectedly, DAG (which is a direct precursor
of TAG) showed a different time-course of labeling (Fig. 3A).
For both fed and starved Daphnia, there was a rapid decrease
in labeling in the initial 4-h chase period, with the decrease
more marked for fed animals. In the intermediate period
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(4–12 h), the alterations in fed Daphnia were less marked
than for TAG and the decrease in the final 12–24 h period
meant there was no significant difference between fed or
starved animals in the radioactivity in DAG (Fig. 3A). 

Our results showed that PL were much better labeled
(3600 dpm individual−1; 77% of total labeling) than nonpolar
lipids (1030 dpm individual−1). This agreed excellently with
previous data for this species (15–17). The radiolabel in these
polar membrane components decreased significantly for the
first 4 h of chase and then decreased only slightly in the re-
mainder of the chase period (Fig. 4). Essentially, there was
little difference in the labeling of total PL between the fed or
starved Daphnia (Fig. 4). Of course, since PL (mainly phos-

phoglycerides) represented over 75% of the total lipid label-
ing, the lack of effect of feeding was also reflected in the total
labeling patterns (Fig. 1). In our study, PE was the best-la-
beled compound and accounted for about 50% of the total
phospholipid labeling after the initial pulse, followed by PC
(25%), PS, and PI (each about 10%). Phosphatidylglycerol
(PG) was a minor labeled phosphoglyceride, representing
only 5% of the total PL labeling (Fig. 5). Our results showed
that the radiolabeled phospholipid patterns in D. magna were
similar for both fed and starved animals (Figs. 5A, 5B). The
labeling of PE and PS both reduced by about half or more
within the first 4 h of chase. By 24 h, the radioactivity in these
phosphoglycerides was of the order of one-fifth the starting
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FIG. 1. Effect of starvation and feeding on the radiolabeling of total lipids in Daphnia magna
from [1-14C]acetate during a pulse-chase experiment. The radiolabel pulse was for 22 h. The
results show means ± SD of three independent experiments. dpm, disintegration per minute.

FIG. 2. Effect of starvation and feeding on the radiolabeling of total nonpolar lipids in D. magna
during a pulse-chase experiment. The radiolabel pulse was for 22 h. The results show means ±
SD of three independent experiments. Asterisks show statistically different values at P < 0.005
(**) and P < 0.05 (*) on statistical analysis by one-way ANOVA using a Tukey test for compari-
son of fed and starved Daphnia. For abbreviation see Figure 1.



amount, regardless of the feeding regime. For the other phos-
phoglycerides (PC, PG, PI), the reductions were more grad-
ual and caused about a halving in the starting radioactivity
during the chase period (Fig. 5). 

The main FA identified in D. magna were palmitic,
linoleic, and α-linolenic acids. In addition, 16:1, 16:2, 16:3,
and 18:1 were found in significant amounts. GC–MS was
used to identify the double bond positions of the hexade-
cenoic and octodecenoic acid fractions, which were the main
unsaturated FA radiolabeled during our experiments (see fol-
lowing discussion). There were two octadecenoic acid iso-
mers, of which oleic acid (18:1n-9) represented 5.4% of the
total FA and cis-vaccenic acid (18:1n-7) was 2.4%. Palmit-
oleic acid (16:1n-7) was a significant component (1.4% of
total FA) but palmitvaccenic acid (16:1n-9) was not detected.
The relative content of FA was consistent with data previ-
ously reported for D. magna (26,29) and was not changed sig-

nificantly during the experiment. Moreover, no significant
differences were found in endogenous FA percentage compo-
sitions between starved and fed Daphnia (data not shown). 

Figure 6 presents the data on FA labeling. The main FA la-
beled during the course of the experiment were palmitate
(16:0), hexadecenoate (16:1), and octadecenoate (18:1). No ra-
diolabel was detected in odd-chain or branched-chain FA,
which are considered markers of bacterial FA (34). The pro-
portional labeling of palmitate was stable and did not change
during the chase under both food regimes, whereas the relative
labeling of 16:1 and 18:1 was altered by the end of the chase,
especially in fed animals (Fig. 6A). Thus, a significant increase
in the percentage labeling of octadecenoate was seen at the ex-
pense of hexadecenoate between 12 and 24 h of chase. Because
of the probability that palmitoleic acid is converted into the
vaccenic acid by elongation, we also calculated the total
amounts of radioactivity in the 16:0, 16:1, and 18:1 fractions
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FIG. 3. Radiolabeling of DAG (A) and TAG (B) from [1-14C]acetate in fed or starved D. magna
during a pulse-chase experiment. The radiolabel pulse was for 22 h. The results show means ±
SD of three independent experiments. Asterisks show statistically different values at P < 0.005
(**) and P < 0.05 (*) on statistical analysis by one-way ANOVA using a Tukey test comparing
fed and starved animals. For abbreviation see Figure 1.



during the total duration of the experiment. In both fed and
starved Daphnia, there was a large decrease in the total amount
of radioactivity during the first 4 h of chase (Fig. 1). However,
because the percentage labeling of 18:1 increased (especially
for starved animals), the total radioactivity in this fraction de-
creased less than, say, for palmitate. Between 4 and 12 h of
chase, there was little change in total radioactivity (Fig. 1);
therefore, all FA fractions remained labeled to a constant
amount. Between 12 and 24 h of chase, there were significant
losses of total radioactivity for both fed and starved animals
(Fig. 1), and in the latter case, because of the altered percent-
age of labeling (Fig. 6), the loss in radioactivity was in the order
16:1 > 16:0 > 18:1.

DISCUSSION

It is well known that the ability of an animal to survive star-
vation depends on the amount of energy reserves and the way
this energy is allocated to survival, growth, and reproduction
(41). In a study of growth and mortality of fed and starved
D. magna over 22 d, starved animals grew significantly less
than fed animals (41). All animals survived at least 5 d
of starvation. However, after a period of 3 d of starvation,
energy reserves were not sufficient to allow further growth
and reproduction (41). In fact, it appeared that lipid reserves
were especially crucial because, although total carbohydrate
and glycogen were reduced by 1 d of starvation, it was not
until day 3 that the TAG stores were significantly depleted
(41). In another daphnid, D. galeata, it was also shown that
the animal was able to adapt quickly to short periods of
starvation and to variations in food supply (42). Thus, it is
perhaps not surprising that there were not large differences
in the response of D. magna to feeding, rather than starva-

tion, during the time course of our experiments (Figs. 1–4). 
Among individual phosphoglycerides, PE, PC, PS, PG,

and PI were identified (see the Experimental Procedures sec-
tion). A similar phospholipid composition with an abundance
of PC (52.6% of total PL) and PE (31.9%) has been reported
previously for D. magna, and their amounts are known to be
significantly affected by growth temperature (43). The domi-
nation of PC and PE also has been found in three develop-
mental stages of D. magna, with PC/PE ratios of 1.57, 2.22,
and 1.26 from newborn, 3-d-old immature females, and ma-
ture females, respectively (44).

The preferential labeling of PL (mainly phosphoglycerides)
compared with nonpolar lipids from 14C-acetate (Figs. 2, 3)
agrees with other studies with D. magna (17). In addition, these
workers also found, as we did, that TAG was by far the high-
est labeled nonpolar lipid (Figs. 1, 2). The rapid decrease in
total lipid radioactivity during the first 4 h of chase implies a
rapid turnover of some acyl groups. In quantitative terms, this
change is mainly located in the phospholipids, and indeed it
is well known that many PL (including phosphoglycerides)
show a rapid turnover of their acyl groups (23). After a 4-h
chase, the decrease in both total lipid (Fig. 1) and PL (Fig. 4)
radioactivity was slower but was approximately similar in
both fed and starved animals. We interpret this to reflect the
normal replacement of membrane phosphoglycerides that
takes place in different organisms. Presumably, the replace-
ment carbon in the starved Daphnia came from storage com-
pounds, which could have been carbohydrates as well as
TAG, whereas the fed animals could also have used dietary
sources. Indeed, over the 24-h chase, the starved Daphnia ap-
peared to turn over more of their TAG (Figs. 2, 3B), although
they seemed to make some effort to conserve these reserves,
as reflected in the constant amounts of radioactivity over the
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FIG. 4. Radiolabeling of total polar lipids from [1-14C]acetate in fed or starved D. magna dur-
ing a pulse-chase experiment. The results show means ± SD of three independent experiments.
Asterisks show statistically different points at P < 0.05 on statistical analysis by one-way
ANOVA using a Tukey test comparing fed and starved animals. For abbreviation see Figure 1.



first 12 h of chase (Fig. 3B). This would probably correspond
to the period when carbohydrate reserves were being used
(41). Fed Daphnia had no need to husband food reserves, so
a dramatic drop in TAG radioactivity in the first 4 h of chase
would not have been serious physiologically and TAG syn-
thesis could continue to take place, with radiolabeled FA also
possibly coming from membrane lipids, as these were re-
placed from food sources. The quicker labeling of TAG dur-
ing the 4- to 12-h chase period compared with DAG (Fig. 3A)
suggests that a major part of the DAG total pool may be
formed from TAG during catabolism by the latter rather than
via the role of DAG as an intermediate in the Kennedy path-
way (23). In agreement with this, like Farkas et al. (17), we
(data not shown) found 1,3-DAG to be more abundant than
1,2-DAG. 

According to our results, both lipid fractions, PL and nonpo-
lar lipids, were efficiently labeled from [1-14C]acetate. About

25% of the label incorporated was found in nonpolar lipids, with
TAG as their main constituent. In a previous study using Daph-
nia, Goulden and Place (15) found that “accumulation” of TAG
was greater than that of phospholipids in fed D. magna and D.
pulex. Even in D. pulex acclimated to a low food level (4,000
algal cells mL−1 d−1 vs. 100,000 algal cells mL−1 d−1 in control)
for several generations (experiment for more than 20 d), the ac-
cumulation of TAG was still five times that of phospholipids.
However, it is not clear from their results whether accumulation
was really being measured, since no starting values were given.
Moreover, although these authors also measured radiolabeling
from both [U-14C]acetate and [3H]2O, they did not separate la-
beling into different lipid classes. They did show, however, much
less labeling of starved D. pulex from either radiolabeled precur-
sor than of fed animals.

In general, the loss of label (30–40%) in total lipids in the
first 4 h of chase may reflect the rapid turnover of some lipids
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FIG. 5. Radiolabeling of individual phosphoglycerides from [1-14C]acetate in fed (A) or starved
(B) D. magna during a pulse-chase experiment. The results show means ± SD of three indepen-
dent experiments. Different letters indicate statistically significant differences at P < 0.01 on sta-
tistical analysis by one-way ANOVA using a Tukey test comparing fed or starved animals with
the initial pulse values. PG, phosphatidylglycerol; for other abbreviation see Figure 1.



(e.g., PS, PE, DAG), whereas after 12 h, when the labeling of
all lipids decreased, a general turnover was seen.

The labeling of phospholipids was not affected by food
supply as much as that of nonpolar lipids, probably reflecting
the relative independence of phospholipid synthesis on the
nutritional state of the organisms (10). In contrast, Elendt (41)
reported that the amount of these lipids diminished from
about 6.3% of dry weight to 4.8% over a longer experimental
period (6 d) of starvation in D. magna. We found that the
turnover of the membrane compounds in D. magna was sig-
nificant in that approximately 70% of the label previously in-
corporated into phosphoglycerides disappeared during the 24-
h chase period. Although the experimental protocol is not di-
rectly comparable, Farkas et al. (17) also revealed a rapid
turnover of lipids in Daphnia.

It was interesting that PE and PS lost half of their radioac-
tivity in the first 4 h of the chase, whereas other phospholipids
(PC, PI, and PG) lost half of their radioactivity only after 24
h (Fig. 5). This might indicate that PE and PS are important
as (precursors of) signaling molecules or, alternately, that they
play a significant role in metabolism.

Although the PUFA, linoleic and linolenic acids, accumu-
lated in D. magna as two of the three main FA (a typical total
FA composition was 23.2% palmitate, 23.2% linoleic, and
19.2% α-linolenic acids), no labeling of these molecules was
noted during our experiments, probably indicating their di-
etary origin as suggested by various studies (28–33,35,37).
This observation is in agreement with the accepted dogma
that no animals (except a few insects, noninsect invertebrates,
and protozoa) (45–48) can biosynthesize linoleic or α-linole-
nic acids. However, it must be borne in mind that sometimes
the labeling of PUFA during radiolabeling experiments takes
some time; therefore, the duration of the experiment is impor-
tant. Nevertheless, we incubated Daphnia for 22 h, so we are
confident that if there is any capacity for the synthesis of
linoleic or α-linolenic acids, it is very small.

Because the radio-gas chromatograph used a packed col-
umn, we were unable to distinguish individual isomers of the
two monoenoate peaks with any certainty. The endogenous
octadecenoate contained oleate (5.4% total FA) and cis-vac-
cenate (2.4%), whereas the hexadecenoate fraction contained
palmitoleate (1.4%) as a significant fraction. The presence of
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FIG. 6. Labeling of FA from the total lipids of D. magna that were fed (A) or starved (B) during
a pulse-chase experiment. The results show means ± SD of three independent experiments.
For abbreviation see Figure 1.



vaccinate suggests that elongation of palmitoleate to this FA
is a significant metabolic reaction (23). Indeed, the changes
in total radioactivity that occurred during the chase period for
the three FA fractions would be consistent with such elonga-
tion. Thus, for the starved Daphnia (Figs. 1, 6), the decrease
in radioactivity in the 16:1 fraction was the highest (355 down
to 100 dpm individual−1 between 12 and 24 h of chase),
whereas that in 18:1 changed much less (327 to 197 dpm in-
dividual−1). If elongation of palmitoleate to vaccinate was oc-
curring, then that would explain the results.

One issue in interpreting the data that needs to be consid-
ered is how much bacterial contamination could affect the ra-
diolabeling results. The filtered culture water was clearly not
sterile, although the use of a 0.45-µm filter is a standard
method in use for Daphnia (28,32,34,35,37). However, we
took care in washing D. magna at the end of the experiment
to exclude bacteria in the water, although consumption of ra-
diolabeled organisms by the copepods cannot be excluded.
Nevertheless, similar FA and acyl lipids were labeled by both
fed and starved Daphnia (Figs. 5, 6), which would not be ex-
pected if (radiolabeled) bacteria were a major source of food
for the starved Daphnia. Farkas et al. (17), in considering the
question of bacterial contamination, thought that the gut was
the main potential source but concluded that any contamina-
tion of radiolabeled products was negligible. Furthermore, the
pattern of FA labeling in our experiments did not include sig-
nificant amounts of typical “bacterial markers” (34) such as
odd-chain or branched-chain acids; moreover, the pattern of
labeling of the phospholipids (Fig. 5) was typical of a eukary-
otic organism with high PC labeling and a low amount of PG.
Therefore, we conclude that bacterial contribution to the
overall lipid labeling in our experiments was not significant. 

In summary, our data clearly show that D. magna is able
to tolerate short-term starvation well and that the latter does
not result in major changes in lipid metabolism. In addition,
the results indicate that the animal is capable of good rates of
lipid synthesis de novo in addition to being able to make di-
rect use of dietary components, such as PUFA. Therefore,
lipid metabolism can be said to be well-adapted to the normal
lifestyle of Daphnia.
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ABSTRACT: We evaluated the effects of dietary lipid class (phos-
pholipid vs. neutral lipid) and level of n-3 long-chain PUFA (LC-
PUFA) on the growth, digestive enzymatic activity, and histologi-
cal organization of the intestine and liver in European sea bass
larvae. Fish were fed from the onset of exogenous feeding at 7 to
37 d post-hatch with five isoproteic and isolipidic compound
diets with different levels of EPA and DHA. Diet names indicated
the percentage of EPA and DHA contained in the phospholipids
(PL) and neutral lipids (NL), as follows: PL5, PL3, PL1, NL1, and
NL3. Histological observations showed different patterns of lipid
absorption and accumulation in the intestinal mucosa depending
on the level and nature of the dietary lipid fraction. Fish fed high
levels of neutral lipids (11%, NL3 diet: 2.6% of EPA + DHA in
the NL fraction) showed large intracellular and intercellular lipid
deposits in the anterior intestine, but no such lipid accumulation
was detected when larvae were fed with low and moderate lev-
els of EPA and DHA in the phospholipid and neutral lipid frac-
tions of the diet (PL and NL1 diets). PL were preferentially ab-
sorbed in the postvalvular intestine, and the accumulation of ma-
rine PL was inversely correlated to their dietary level. The
postvalvular intestinal mucosa and liver showed signs of steato-
sis; large lipid vacuoles were observed in this region of the intes-
tine and in the liver and were inversely correlated with the level
of dietary neutral lipids. The best results in terms of growth, sur-
vival, and development (maturation of the digestive system and
histological organization of the liver and intestinal mucosa) were
obtained in the group fed with 2.3% of EPA and DHA in the PL
fraction of the diet (PL3 diet), revealing that European sea bass
larvae use the LC-PUFA contained in the PL fraction more effi-
ciently than those from the NL fraction of the diet. 

Paper no. L9685 in Lipids 40, 609–618 (June 2005).

Dietary lipids are the main energy source in developing fish lar-
vae and serve as a source of the FA needed for the synthesis of
new cellular structures that are required for normal larval
growth and development (1). Lipid requirements of marine fish
larvae have been extensively studied during the last two
decades (1–3), and particular attention has been paid to long-

chain PUFA (LC-PUFA) and phospholipids (PL) (4–7). Like
most marine fish, European sea bass is considered to have an
absolute requirement for LC-PUFA, such as EPA (20:5n-3),
DHA (22:6n-3), and arachidonic acid (20:4n-6), being unable
to produce these FA from their precursors 18:3n-3 and 18:2n-6
(1). In this sense, the deficiency in LC-PUFA delays fish
growth, induces mortality, reduces resistance to stress, and re-
sults in anatomical alterations associated with nutritional disor-
ders (6). The EFA requirements of marine fish vary both quali-
tatively and quantitatively, and the optimal level of dietary
components for marine fish is known to be around 3% of dry
matter for EPA + DHA (1). However, most studies dealing with
the determination of LC-PUFA requirements for first-feeding
marine larvae were conducted using live prey to deliver differ-
ent levels of LC-PUFA (3), but these studies did not evaluate
the effect of the class of lipids [neutral lipids (NL) vs. PL] in-
corporated into the diet, since in most cases lipids and LC-
PUFA are generally provided in the diet by fish oils, which are
constituted mainly of neutral lipids (6,7).

Although it is generally accepted that there are beneficial ef-
fects from adding PL to microdiets (microparticulated diets hav-
ing particle sizes of 200–400 µm) or live-prey enrichment emul-
sions on the larval growth, survival, stress tolerance, and larval
quality (reduction of skeletal deformities) (2–4,6–8), their exact
role in fish digestive physiology and development has not been
completely characterized. Fish larvae are extremely sensitive to
dietary PL deficiency and require higher levels of dietary PL than
juveniles (see review in Ref. 8). Feeding gilthead sea bream lar-
vae with microdiets containing marine PL instead of marine
TAG resulted in better growth even if larvae were fed PL at
lower levels than TAG (10). Recently, it has been shown that a
diet containing 19% lipids including almost 9% PL induced good
growth in European sea bass first-feeding larvae, demonstrating
that the development of skeletal deformities in European sea bass
during early development was more linked to the proportions of
dietary PL and NL than to the total dietary lipid content (7). Di-
etary PL seem to have a marked effect on lipid absorption and
transport (6,8,9,11,12). An accumulation of lipid droplets in en-
terocytes has been associated with PL deficiency (13–15) that
may result in intestinal steatosis (16,17), suggesting that PL have
a specific role in the synthesis and secretion of chylomicrons and
VLDL from the intestinal mucosa into the circulatory system. 

Different segments of the gastrointestinal tract in vertebrates
have been shown to employ different cellular mechanisms in

Copyright © 2005 by AOCS Press 609 Lipids, Vol. 40, no. 6 (2005)

*To whom correspondence should be addressed at Centre d’Aqüicultura, In-
stitut de Recerca i Tecnologia Agroalimentaries (IRTA), Aptat. Correus 200,
43540 Sant Carles de la Ràpita, Tarragona, Spain.
E-mail: enric.gisbert@irta.es
Abbreviations: CCK, cholecystokinin; dph, days post-hatch; IFREMER,
L’Institut Francais de Recherche pour l’Exploitation de la Mer; INRA, Insti-
tut National de la Recherche Agronomique; IS, intestinal segment; microdiet,
microparticulated diet (particle size 200–400 µm; NL, neutral lipids; PL,
phospholipids(s); PS, pancreatic segment.

Dietary Phospholipids Are More Efficient Than Neutral Lipids
for Long-Chain Polyunsaturated Fatty Acid Supply in European

Sea Bass Dicentrarchus labrax Larval Development
E. Gisberta,*, L. Villeneuveb, J.L. Zambonino-Infanteb, P. Quazuguelb, and C.L. Cahub

aCentre d’Aqüicultura, Institut de Recerca i Tecnologia Agroalimentaries (IRTA), Tarragona, Spain, and bUnité Mixte
de Nutrition des Poissons, L’Institut Francais de Recherche pour l’Exploitation de la Mer (IFREMER)–Institut

National de la Recherche Agronomique (INRA), IFREMER, 29280 Plouzané, France

 



response to diet quality (18). Thus, the use of the intestine and
liver as indicator organs of the nutritional and physiological sta-
tus in fish is well known (19–22). As the primary site of food di-
gestion and nutrient uptake, the intestine is involved in impor-
tant physiological digestive functions (23), whereas the liver is
the central metabolic organ of the body, taking a predominant
role in intermediary metabolism and having important functions
in lipid storage and in digestive and detoxification processes
(23). The optimal use of dietary nutrients ultimately depends on
the effectiveness of functions in the intestine and liver (22). Con-
sequently, the structural alteration of the histomorphological or-
ganization of the liver and intestine can provide useful informa-
tion about the quality of the diet, the metabolism, and the nutri-
tional status of the fish (18,20,21,24,25). 

The present study evaluates the effect of the lipid class (PL
vs. NL) and the level of n-3 LC-PUFA in the diet on the growth,
the digestive enzymatic activities, and the histological organiza-
tion of the intestine and liver in European sea bass larvae.

MATERIALS AND METHODS

Animals and diets. Three-day-old European sea bass (Dicen-
trarchus labrax L.) larvae were obtained from the Ecloserie

Marine de Gravelines (Gravelines, France) and shipped to the
Fish Nutrition Laboratory at the IFREMER (Centre de Brest).
Fish were acclimated and divided into fifteen 35-L cylindro-
conical fiberglass tanks (2100 larvae/tank) at an initial density
of 60 larvae/L. Tanks were supplied with running sea water
(35‰), which had previously been filtered through a sand fil-
ter, then passed successively through a tungsten heater and a
degassing column packed with plastic rings. Throughout the
experiment, the water temperature and salinity were 20°C and
35‰, respectively, and the oxygen level was maintained above
6 mg/L by setting the water exchange of the tank up to 30% per
hour (flow rate: 0.18 L/min). Photoperiod was 24L:0D, and
light intensity was 9 W/m2 (900 lux) maximum at the water
surface. All animal procedures and handling were conducted in
compliance with the Guide for the Care and Use of Laboratory
Animals (26).

At 4 d post-hatch (dph), European sea bass larvae were di-
vided into 5 experimental groups (4 replicates per group) that
were fed from the onset of exogenous feeding at 7 dph until 37
dph with experimental compounded microdiets. Five isoni-
trogenous and isolipidic diets (Table 1) were formulated to in-
corporate different levels of LC-PUFA (Table 2)  and differed
in their lipid class composition, PL vs. NL. Fish meal, normally

610 E. GISBERT ET AL.

Lipids, Vol. 40, no. 6 (2005)

TABLE 1 
Composition of the Experimental Compound Microdiets 

Experimental diets

PL1 PL3 PL5 NL1 NL3
Ingredientsa g/kg dry matter

Defatted fish meal 510
Hydrolyzed fish meal (CPSP) 140
Cod liver oil 0 0 0 7 14
Marine lecithinb 7 14 21 0 0
Soy lecithinc 14 7 0 14 7
Vitamin mixtured 80
Mineral mixturee 40
Betaine 20

Proximate composition (%)
Proteins (N × 6.25) 59.9 61.6 60.4 58.7 59.6
Lipids 16.4 16.7 16.7 17.1 18.2
Phospholipids 13.2 13.0 12.1 11.1 8.1
EPA + DHA in PL 1.1 2.3 4.8 0.3 0.4
Neutral lipids 4.8 3.8 3.0 6.2 11.0
EPA + DHA in NL 0.3 0.3 0.3 1.3 2.6

Ash 17.4 17.0 16.8 15.6 15.6
Moisture 6.8 6.3 7.4 6.5 6.4

Energy (kJ/kg)f 1618 1658 1638 1624 1681
aAll dietary ingredients were commercially available. Fish meal (La Lorientaise, Lorient, France), hy-
drolyzed fish meal (CPSP, Soluble Fish Protein Concentrate; Sopropêche, Boulogne sur Mer, France),
cod liver oil (La Lorientaise), marine lecithin (LC60, PhosphominsTM; Phosphotech, Saint Herblain,
France); and soy lecithin (Ets Louis François, St Maur des Fossés, France). 
bContains 60% phospholipids (with 45% PC, 20% ethanolamine, 16% PI), 5% TAG, 15% choles-
terol, and 1 mg/g natural tocopherols as antioxidant.
cContains 95% phospholipids (with 26% PC, 20% ethanolamine, and 14% PI).
dPer kg of vitamin mix: retinyl acetate 1 g; cholecalciferol 2.5 mg; all-rac-α-tocopherol acetate 10 g;
menadione 1 g; thiamin 1 g; riboflavin 0.4 g; D-calcium pantothenate 2 g; pyridoxine HCl 0.3 g;
cyanocobalamin 1 g; niacin 1 g; choline chloride 200 g; ascorbate polyphosphate 20 g; folic acid
0.1 g; biotin 1 g; meso-inositol 30 g; cellulose 732.1 g.
ePer kg of mineral mixture: KCl 90 g, KI4O 40 mg, CaHPO4·2H2O 500 g, NaCl 40 g, CuSO4·5H2O 3
g, ZnSO4·7H2O 4 g, CoSO4·7H2O 20 mg, FeSO4·7H2O 20 g, MnSO4·H2O 3 g, CaCO3 215 g,
MgSO4·7H2O 124 g, NaF 1g.
fCalculated as: fat × 37.7 J/kg; protein × 16.7 J/kg.



containing 17% lipids, was rigorously defatted to control the
experimental dietary lipid composition only by the addition of
PL and NL. Lipid was extracted from fish meal using
dichloromethane (5 mL/g fish meal) for 20 min at 40°C, rinsed,
and dried until completely free of solvent. Diet names indicate
the total percentage of EPA and DHA contained in the PL and
NL fractions of the diet: PL5, PL3, PL1, NL1 and NL3 (Tables
1 and 2). The marine phospholipid fraction in PL diets varied
in an inverse relation to soybean lecithin, whereas NL diets
contained soybean lecithin in an inverse proportion to the ma-
rine TAG (cod liver oil). The composition of diet PL1 was
close to the diet previously used (7) that had supported good
growth and survival in European sea bass larvae; for compara-
tive purposes it was considered in this study as the control diet.
Microdiets were prepared as follows: fish meal, fish meal hy-
drolysate, betaine, and mineral mixture were first mixed. The
oil, PL, and vitamin mixture were added as an emulsion to the
dry mixture. Then water was added; and the mixture was thor-
oughly blended mechanically, pelleted, and dried at 50°C for
20 min (6). This procedure prevents undesirable reactions be-
tween ingredients (particularly between minerals and vita-
mins). The pellets were sieved to obtain two sizes of particles:
125–200 µm, used during the first 5 d, and 200—400 µm, used
during the rest of the experiment. At this stage, a sample of
each experimental diet was taken for analysis. Diets were then
vacuum-packed and stored at 4°C until use. During the entire
experimental period, larvae were continuously fed ad libitum
24 hours per day using an automatic belt feeder. Food inges-

tion was monitored by observing the larval digestive tract
under a binocular microscope; dietary microparticles were vis-
ible by their transparency against tissue. 

Sampling. To evaluate growth, 10 specimens were randomly
sampled from each experimental tank (30 larvae per experi-
mental diet) at 12, 16, 23, 30, and 37 dph and euthanized with
an overdose of anesthetic (tricaine methanesulfonate, MS 222);
their wet body weights were measured to the nearest 0.1 mg.
To evaluate the level of maturation of the digestive system, lar-
vae (20–50 larvae, depending on wet body weight) were sam-
pled from each tank and kept at −20°C until analysis. Samples
for measuring lipase (EC 3.1.1.3), and brush border intestinal
enzymes (alkaline phosphatase, EC 3.1.3.1; and aminopepti-
dase N, EC 3.4.11.2) were taken at 30 and 37 dph, whereas
trypsin (EC 3.4.21.4) and amylase (EC 3.2.1.1) secretions were
only measured at 37 dph. For light microscopy purposes, 10
specimens were randomly sampled from rearing tanks at 30
and 37 dph, preserved in 10% buffered formalin (pH 7.2), and
stored in the dark at 6–8°C. Repetitive sampling did not allow
the determination of real survival (percentage of surviving in-
dividuals in relation to the initial number of larvae); however,
relative survival, expressed as the percentage of surviving fish
fed on a diet (i.e., NL1) in relation to the surviving specimens
fed on the control diet (PL1), could be calculated.

Analytical methods. A minimum of 30 larvae per replicate
and treatment were dissected on a glass cutting board kept on
ice (0°C) under a binocular microscope. Individuals were cut
into 4 parts: head, pancreatic segment (PS), intestinal segment
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TABLE 2 
Percentage of the Main FA in the Phospholipid and Neutral Lipid Fractions of Experimental Diets, Expressed in Percentage
of Total FA in PL and NL

Phospholipids (PL) Neutral lipids (NL)

Diets PL1 PL3 PL5 NL1 NL3 PL1 PL3 PL5 NL1 NL3

14:0 0.6 1.4 2.0 0.6 1.6 3.8 4.3 4.7 6.0 6.2
16:0 19.2 23.4 25.6 18.0 18.4 15.7 16.3 17.2 15.8 16.2
18:0 3.9 3.5 2.6 4.4 4.1 4.0 3.8 3.8 2.8 2.8

ΣSaturated 24.0 28.5 30.1 23.5 24.4 23.9 24.6 25.9 24.8 25.4
16:1n-7 0.6 1.0 1.2 1.0 2.0 5.3 5.5 5.8 7.0 6.9
18:1n-7 0.0 0.0 0.2 0.0 0.0 0.5 0.5 0.5 1.1 1.1
18:1n-9 6.0 5.0 3.5 7.7 9.6 17.9 15.8 14.7 16.7 16.6
20:1n-9 1.1 2.3 3.7 0.8 1.6 6.3 6.9 8.1 5.0 5.4
18:1n-11 1.3 1.2 1.2 1.6 2.0 3.7 3.7 3.8 3.2 3.2
20:1n-11 0.0 0.0 0.4 0.0 0.0 1.1 1.1 1.4 0.8 0.8
22:1n-11 0.2 0.2 0.2 0.5 1.0 4.5 4.8 5.0 4.8 5.7

ΣMonosaturated 9.4 10.0 11.0 11.6 16.7 41.0 40.2 41.3 40.5 41.7
18:2n-6 44.2 25.8 0.3 51.3 42.0 12.8 6.8 1.8 4.8 3.5
20:4n-6 0.8 1.7 3.1 0.3 0.4 0.9 1.4 1.5 0.7 0.6

Σn-6 PUFA 45.4 28.3 4.2 52.1 42.8 14.6 9.4 4.3 6.5 5.1
18:3n-3 6.7 4.9 0.2 7.8 6.6 2.1 1.4 0.7 1.9 1.8
18:4n-3 0.1 0.2 0.2 0.2 0.6 1.4 1.5 1.5 2.6 2.5
20:4n-3 0.1 0.2 0.2 0.2 0.3 0.5 0.6 0.6 1.0 1.0
20:5n-3 3.8 7.5 13.7 1.5 3.0 6.5 8.3 9.3 9.6 9.5
22:6n-3 10.5 21.4 40.0 3.0 5.3 9.1 12.8 15.0 10.1 11.0

Σn-3 PUFA 21.2 33.2 54.6 12.8 16.1 20.4 25.7 28.3 28.2 27.8

n-3/n-6 ratio 0.47 1.17 13.06 0.25 0.38 1.39 2.75 6.63 4.34 5.45



(IS), and tail, to limit the assay of enzymes to specific seg-
ments. This dissection inevitably produced a mixture of organs
in each segment. Besides the pancreas, the pancreatic segment
contained the liver, heart, muscle, and spine. The intestinal seg-
ment contained the intestine, muscle, and spine (27). Once dis-
sected, pancreatic segments were homogenized in 5 vol
(vol/wt) of ice-cold distilled water. Amylase and trypsin activi-
ties were measured using sodium benzoyl-DL-arginine-p-ni-
troaniline and starch as substrates (28,29), respectively, in both
pancreatic and intestinal segments. Lipase was measured in the
pancreatic segment using p-nitrophenyl myristate as substrate
(30). Purified brush border membranes from the intestinal seg-
ment were obtained according to a method developed for in-
testinal scraping (31). The degree of purification of the brush
border membrane, considering alkaline phosphatase and
aminopeptidase N as markers of cell membrane fraction, was
close to that reported in the literature (31), i.e., 11.0- and 10.8-
fold, respectively. Alkaline phosphatase and aminopeptidase
N, two enzymes of the intestinal brush border membrane, were
quantified using p-nitrophenylphosphate (32) and L-leucine-p-
nitroaniline (33) as substrates, respectively. Specific enzyme
activities were expressed as mmol of substrate hydrolyzed per
min and mg of protein (mU/mg protein), and protein was de-
termined using the Bradford method (34). Secretions of trypsin
and amylase were calculated as the ratio of the activity in the
intestinal segment, related to total activity (PS + IS) consider-
ing that enzyme activity in PS can be used as an index of the
synthesis function of pancreas and in IS as an index of pancre-
atic secretory function (35).

Dietary total lipid content was determined using a procedure
slightly modified from Folch et al. (36), with chloroform being
replaced by dichloromethane. The separation of NL and PL
was carried out as described by Juaneda and Rocquelin (37).
FA were saponified by a 2 M KOH/methanol solution, recov-
ered, and then esterified in a 0.7 M HCl/methanol solution.
FAME were separated by GC in an Auto-system PerkinElmer
instrument with an FID on a BPX 70 capillary column (25 m ×
0.22 mm i.d. × 0.25 µm film thickness; J&W Scientific, Fol-
som, CA), with a split-splitless injector and with helium as car-
rier gas (flow rate 1.4 mL/min). The injector and detector tem-
peratures were, respectively, 220 and 260°C. The initial tem-
perature of the oven was 50°C, increasing to 180°C by
increments of 15°C/min, maintained for 5 min, and finally in-
creased to 220°C by increments of 3°C/min. Data acquisition
and handling were carried out by connecting the gas chromato-
graph to a Nelson computer. Each FAME was identified by
comparison with the retention time of authentic standard mix-
tures of FAME, and the results of individual FA composition
were expressed as area percentages of total identified FAME in
the PL and NL fractions.

Light microscopy. Larvae were dehydrated in a graded se-
ries of aqueous ethanol mixtures, embedded in paraffin wax,
and cut in serial longitudinal sections (5–7 µm thick). Slides
were stained by hematoxylin and eosin for topographic obser-
vations of the liver, intestine (prevalvular and postvalvular re-
gions), and swim bladder. The term steatosis was applied, with-

out pathological connotation, when clear vacuoles with a di-
ameter greater than 5 µm were observed in the enterocytes (13).

Statistical analyses. Results are given as mean + SD. All
data were checked for variance homogeneity using the Bar-
lett’s test (38). Growth, enzymatic specific activity, and arcsin
(x1/2)-transformed trypsin and amylase secretions were com-
pared by means of a one-way ANOVA followed by New-
man–Keuls multiple range test when significant differences
were detected (P < 0.05). 

RESULTS

Growth and survival. At the end of the rearing period (37 dph),
statistically significant differences in larval growth were ob-
served between experimental groups (ANOVA, P < 0.05, Fig.
1). Larvae fed PL3 exhibited the best growth performance. Lar-
vae fed PL1 and PL5 were similar in weight, being 21 and 26%
smaller than PL3 larvae, respectively. Larvae from the NL3 di-
etary group were smaller than all the other groups (e.g., 50%
smaller than PL3 larvae). Because the NL3 group died before
37 dph, the larval body weight could not be compared with
those of the other experimental groups, although it was signifi-
cantly lower at early stages of development (23 and 30 dph).

The best survival, i.e., the largest number of fish at the end
of the experiment, was observed in groups fed PL3 and NL 1
diets (n = 710 and 404, respectively). The relative survival of
groups PL3, NL1, and PL5 was 226.1, 128.7, and 31.5%
higher, respectively, than the control (PL1, n = 314).

Enzyme activities. At the end of the study, total EPA and
DHA content in diets significantly affected trypsin and amy-
lase secretion (ANOVA, P < 0.05; Fig. 2). Fish fed diets con-
taining low levels of EPA and DHA (PL1 and NL1) exhibited
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FIG. 1. Growth of European sea bass larvae fed isonitrogenous and isoli-
pidic diets containing different levels of EPA and DHA. Diets are named
according to the percentage of dietary EPA and DHA contained in the
phospholipid (PL) and neutral lipid (NL) fraction of the diet: PL5 (ll),
PL3 (n), PL1 (ss), NL1 (l), and NL3 (nn). Results are shown as mean ±
SD (n = 4). Different superscripts for the same day indicate significant
differences (P < 0.05).

 



the highest trypsin secretion rates, whereas those reared with
PL3 and PL5 showed lower secretion values. Amylase secre-
tion was negatively affected by a high dietary content of EPA
and DHA (group PL5, Fig. 2), being 8.2% lower than in those
groups fed low or medium levels of these two FA (PL3, PL1,
and NL1 diets). Similarly, the specific activity of lipase was af-
fected by the experimental diets (ANOVA, P < 0.05; Fig. 3).
At 30 dph, lipase specific activity was two times higher in fish
fed NL1 than in PL5 group. In 37-d-old larvae, the lipase ac-
tivity in PL5 group was 55 and 45% higher than in fish fed PL3
and NL1, respectively.

The same effect was observed in the specific activities of
brush border enzymes (ANOVA, P < 0.05; Fig. 4). At 30 dph,
the highest alkaline phosphatase specific activity was observed
in fish fed PL3; no differences in activity were observed be-
tween the other experimental groups (PL1, PL5, and NL1),
which were significantly lower than in fish fed PL3. At day 37,
the lowest alkaline phosphatase activity was detected in larvae

fed PL1, no differences being evidenced between the other dietary
groups. No statistically significant differences at 30 dph were ob-
served in aminopeptidase N specific activity of larvae fed different
diets. At the end of the larval rearing period, aminopeptidase N
specific activity was 30% lower in larvae fed PL1 (control group)
compared with the rest of the dietary treatments.

Light microscopy. The liver of European sea bass larvae is
organized in polygonal-shaped hepatocytes arranged along he-
patic sinusoids. Nuclei position and lipid deposition depended
on dietary levels of marine and vegetable PL (Fig. 5). Large
central nuclei were observed in livers containing few lipid in-
clusions (PL1, PL3, PL5, and NL1), whereas peripheral nuclei
were detected in livers of larvae showing high levels of lipid
deposition (NL3).

The mucosa of the intestine (prevalvular and postvalvular
regions) is lined by a simple columnar epithelium with promi-
nent acidophilic brush borders and centrally located nuclei
(Figs. 6a, 6b, 7). The only morphological differences observed
between both regions are the number and size of mucosal folds,
which are longer and more numerous in the anterior region.
Changes in the histological organization of the prevalvular in-
testine were observed only in fish fed the NL3 diet, which
showed a large accumulation of small lipid droplets, resulting
in the displacement of nuclei to a basal position (Fig. 6c). Large
intercellular lipid vacuoles were also observed (Fig. 6d). The
mucosa of the postvalvular intestine exhibited remarkable signs
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FIG. 2. Trypsin (nn) and amylase (n) secretion in 37 days post-hatch
(dph) European sea bass larvae fed isonitrogenous and isolipidic diets
containing different levels of EPA and DHA. Means ± SD (n = 4) with
different superscript letters were significantly different (P < 0.05). For
other abbreviations see Figure 1.

FIG. 3. Lipase specific activity in 30 and 37 dph European sea bass lar-
vae fed isonitrogenous and isolipidic diets containing different levels of
EPA and DHA. Means ± SD (n = 4) with different superscript letters were
significantly different (P < 0.05). For abbreviations see Figures 1 and 2.

FIG. 4. Specific activity of alkaline phosphatase (A) and aminopepti-
dase N (B) of the intestinal brush border in European sea bass at 30 and
37 days dph fed isonitrogenous and isolipidic diets containing different
levels of EPA and DHA. Means ± SD (n = 4) with different superscript
letters were significantly different (P < 0.05). For abbreviations see Fig-
ures 1 and 2.



of steatosis in fish fed diets containing EPA and DHA derived
mainly from the phospholipid fraction (PL diets) (Fig. 7a-d).
Fish fed NL diets exhibited a lower lipid accumulation in this
region than in the other experimental groups (Figs. 7e, 7f).

Fish fed on PL and NL1 diets had normally inflated swim
bladders, which were organized in a stratified cuboidal epithe-
lium and rete mirabile (Fig. 6e). Most of the larvae (90%) fed
the NL3 diet did not inflate their swim bladders and showed
hyperplasia of the gas gland cells, with hypertrophied cells oc-
cupying the swim bladder’s lumen (Fig. 6f).

DISCUSSION

In a previous study, good growth and survival were obtained
using a compound microdiet containing 11% phospholipids
(7). We have used this PL dietary level in the current study to
formulate experimental diets with an appropriate level of PL
(PL5, PL3, PL1, and NL1 diets). However, even though the
NL3 diet contained only 8% of PL, this content was acceptable
in terms of growth and larval survival rates (7). In the present
study, diets were efficiently ingested by European sea bass lar-
vae. Thus, the differences observed in growth and survival rates
in this study were not related to dietary PL level and/or larval
food intake of compound diets. 

In the present study, total DHA/EPA ratios in PL diets and
in NL diets were close to 2 (i.e., higher than 1), which is con-
sidered as a suboptimal ratio for fish larvae, either by not pro-
viding sufficient DHA or by providing an undesirable excess
of EPA (1). Therefore, the observed differences in growth and

survival of European sea bass in the present study could not be
attributed to inappropriate DHA/EPA ratios. The tested diets,
mainly differing by their LC-PUFA source included in the PL
or NL fraction, induced large differences in growth and sur-
vival of European sea bass larvae. The diet containing a mod-
erate level of EPA and DHA in the PL fraction (PL3) induced
the best growth, survival, and intestinal maturation in compari-
son with the rest of the experimental diets, including the con-
trol (PL1), whereas the diet with a similar level of EPA and
DHA in the neutral lipid fraction (NL3) was lethal for Euro-
pean sea bass larvae. A high content of EPA and DHA in the
PL fraction (PL5) negatively affected growth, survival, and
maturation of the digestive tract in larvae. The differences ob-
served in growth between larvae feeding on a low dietary level
of EPA and DHA depended on the form in which both EFA
were supplied; if they were included in the PL fraction (PL1),
good growth was observed, whereas it was significantly lower
when they were included in the NL fraction. The more efficient
use of EPA and DHA supplied in the PL class of the diet might
be related to the ability of young larvae to better modulate
phospholipase A2 expression than that of lipase, suggesting a
more efficient capacity to use PL than TG (7). 

PUFA, and especially DHA and EPA, which are vital con-
stituents for cell membrane structure and function, are very sus-
ceptible to oxidation by oxygen and other radicals. The resul-
tant PUFA oxidation of membrane PL can have dramatic con-
sequences for cell membrane structure and fluidity, with a
potential pathological effect on cells and tissues, and can result
in a reduction in fish growth, loss of appetite, decreased feeding
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FIG. 5. Longitudinal paraffin sections of the liver in European sea bass larvae fed isonitroge-
nous and isolipidic diets containing different levels of EPA and DHA. Liver from fish fed con-
trol diet (PL1) and NL1 showing regular-shaped hepatocytes with very few lipid inclusions (a,
d). Livers from fish fed PL3 and PL5 with a high (b) and intermediate (c) degree of cytoplas-
matic lipid accumulation in hepatocytes. Liver from fish fed NL3 showing the displacement of
the nucleus to the periphery of the hepatocytes and the presence of numerous varying-size cy-
toplasmatic lipid vacuoles (e). Histological sections from larvae fed PL and NL1 diets were
from fish aged 37 dph, whereas those from the NL3 group were obtained from 30 dph. For ab-
breviations see Figures 1 and 2. Scale bar: 25 µm.



efficiency, and increased mortality (2). In the present study, dif-
ferences in growth, survival, and histological organization of
the intestine and liver in the European sea bass larvae were not
attributed to in vivo lipid peroxidation, since any of the histo-
logical lesions commonly associated with this phenomenon,
such as myopathy of skeletal muscle, lipoid liver degeneration,
and accumulation of ceroid pigments (2), was not observed in
the larvae fed high dietary levels of LC-PUFA. Moreover, diets
were formulated using stable forms of vitamins, α-tocopherol
acetate for vitamin E and ascorbate polyphosphate for vitamin
C, at concentrations recommended by the National Research
Council (26), to prevent the oxidation of unsaturated FA in the
microparticles.

The level of secretion of the pancreatic enzymes (amylase,
trypsin, and lipase) has been used as an indicator of intestinal
maturation during European sea bass development (7,27,43). It
is generally accepted that at a similar stage of development,
pancreatic enzyme secretion is higher in fish exhibiting a good
growth and normal development than in those showing a delay
in these processes. In the present study, all the experimental

groups exhibited a good level of trypsin secretion, but the fish
fed the highest levels of EPA and DHA in the PL and NL frac-
tions (PL5 and NL3 diets) showed lower values of amylase se-
cretion than the rest of the experimental groups. It should be
noted that although larvae fed PL1 and NL1 diets exhibited the
highest values of trypsin and amylase secretion among all di-
etary treatments, these values should not be attributed to a
major maturation of the digestive system and normal develop-
ment of larvae, since the specific activity of intestinal brush
border enzymes (particularly alkaline phosphatase) was lower
in these groups in comparison with fish fed the PL3 diet. High
secretion of pancreatic enzymes observed in the larvae fed PL1
and NL1 diets might be correlated with the high dietary con-
tent of linoleic acid, since C18 FA, such as linoleic and oleic
acids, play an important role in the regulation of the pancreatic
secretion (44). In vitro experiments have shown that these FA
increased the intracellular calcium levels in enterocytes, stimu-
lating the release of two gastrointestinal hormones, cholecys-
tokinin (CCK) and secretin, which regulate the pancreatic se-
cretion of amylase, trypsin, and lipase (12,44). 

Despite major advances in our understanding of lipid diges-
tion in juvenile or adult fish, knowledge of lipolytic enzymes
in young larvae is scarce, particularly in terms of luminal di-
gestion of dietary lipids (6). The capacity to digest fats is re-
lated to lipase secretion by the pancreas and the production of
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FIG. 6. Longitudinal paraffin sections of the prevalvular intestine and
swim bladder in European sea bass larvae fed isonitrogenous and isoli-
pidic diets containing different levels of EPA and DHA. Prevalvular in-
testine from 37-d-old larvae fed PL1 showing the mucosa lined by a
simple columnar epithelium with centrally located nuclei and not con-
taining lipid accumulations in cytoplasmatic vacuoles (a, b). Prevalvu-
lar intestinal mucosa from larvae aged 30 dph fed PL3 showing the pres-
ence of small apical lipid droplets (asterisk), the displacement of nuclei
to a basal position (arrowhead), and large intercellular lipid vacuoles
between enterocytes (arrow) (c, d). Normal inflated swim bladder from
larvae fed PL1 (e). Noninflated swim bladder with hyperplasic gas gland
cells (asterisk) from fish fed NL3 (f). gg, gas gland; pi, prevalvular intes-
tine; rm, rete mirabile; for other abbreviations see Figures 1 and 2. Scale
bar: 100 µm.

FIG. 7. Longitudinal paraffin sections of the postvalvular intestine in
European sea bass larvae fed isonitrogenous and isolipidic diets con-
taining different levels of EPA and DHA showing different levels of in-
testinal steatosis depending on the experimental diet [PL1 (a), PL3 (b),
PL5 (c-d), NL1 (e) and NL3 (F)]. Note the lower accumulation of lipids
in the enterocytes of fish fed NL3 in comparison with those fed PL3 diets
(b, f). Scale bar: 100 µm.
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bile salts in the liver, processes regulated by the levels of di-
etary TAG and the rate of intestinal absorption of lipids (12).
In this sense, although it was not possible to determine the spe-
cific activity of pancreatic lipase in fish fed high levels of neu-
tral lipids (NL3), since most of larvae died during the study, we
observed that the specific activity of lipase in fish fed interme-
diate levels of neutral lipids (6.2%, NL1 diet) tended to be
higher than that of fish fed PL diets at 30 dph. At the end of the
experiment, this tendency in lipase activity was not observed.
Such changes in specific activity might be related to the high
accumulation of lipids observed in the enterocytes rather than
to a lesser maturation of the digestive system, since lipids ac-
cumulated in the intestinal mucosa might have disrupted the
metabolic capacity of the intestine to digest, absorb, and export
lipids into the circulatory system. These observations strongly
suggested that large quantities of accumulated lipids in the in-
testinal mucosa might have resulted in a reduction of the CCK
secretion by intestinal endocrine cells in order to diminish li-
pase release by the pancreas and thus regulate lipid digestion
and accumulation in enterocytes (44). The dramatic change in
lipase activity in the PL5 group at day 37 compared with day
30 could not be attributed to a stimulation of lipase by its sub-
strate, i.e., NL. This change probably reflected an indirect con-
sequence of intraluminal FA concentration resulting from the
hydrolysis of dietary PL, which in turn stimulated a hormonal
mechanism involving secretin (45). 

Generally, nutritional studies evaluating lipid digestion and
absorption processes in fish are limited to the anterior region
of the intestine, which is considered the region involved in the
absorption of these nutrients (14,46). Nevertheless, lipid ab-
sorption still continues in the posterior and rectal regions of
the intestine, particularly in carnivorous fish with short diges-
tive tracts, such as European sea bass (47). The enterocytes of
the pre- and postvalvular intestinal regions showed a larger de-
gree of lipid accumulation than that observed by other authors
(48). Such differences were due to the different level and na-
ture of the lipid fraction contained in diets (compounded feeds
vs. live preys). The results of the present study showed that
European sea bass larvae have different patterns of lipid ab-
sorption and accumulation in the intestinal mucosa depending
on the level and class of lipid used in the diet. Thus, we ob-
served an important intracellular and intercellular accumula-
tion of lipid in the anterior intestine of fish fed diets contain-
ing high levels of NL (11%, NL3 diet), whereas no such accu-
mulation was detected when larvae were fed with low and
moderate levels of NL (PL and NL1 diets). Similarly, the de-
position of large lipid vacuoles in the postvalvular intestinal
mucosa of larvae fed different experimental diets seemed to
be inversely correlated with the level of dietary NL, since PL
levels were almost the same among the diets, with the excep-
tion of NL3. The different n-6/n-3 ratio in the diets could have
also influenced the accumulation of lipids in the enterocytes
(14,49). Some authors have reported the use of unbalanced
feeds in terms of lipid class composition as the cause of high,
pathological level of intestinal accumulation of lipids (steato-

sis) (16,17). However, diet formulation and histological ob-
servations in the present study seemed to contradict this hy-
pothesis; even though high levels of lipid deposition were ob-
served in the postvalvular intestine of European sea bass lar-
vae, they cannot be considered to be the cause of any
pathological damage, since no signs of epithelial abrasion, cel-
lular necrosis, and/or inflammatory reactions were detected
along the intestinal mucosa.

The use of the liver as an indicator of the nutritional condi-
tion in fish is well known. Different studies have shown that
structural alterations of the liver due to nutritional imbalances
can provide useful information on diet quality and metabolism,
complementing the information obtained with growth studies
to evaluate the nutritional status of the fish. In the present study,
levels of lipid accumulation in the liver of the larvae fed high
levels of LC-PUFA in the neutral lipid fraction (NL3) were
higher than those in fish fed similar or even higher levels of
LC-PUFA contained in the diet as PPL (PL3 and PL5). These
observations indicated that the form of dietary LC-PUFA sup-
plied has a direct effect on fat storage in the liver, which could
be related to a higher influx of chylomicrons and/or VLDL
from the intestine due to the differences in lipid exportation ca-
pacities of the intestinal mucosa. 

The comparative histological study carried out on 37-d-old
larvae revealed the existence of a “dietary regime effect” on
swim bladder inflation during early stages of development in
European sea bass. The high frequency of occurrence of larvae
without a functional swim bladder in the NL3 group (90%)
contrasted with the rest of the experimental groups (PL and
NL1). It is well recognized that inflation of the swim bladder is
temporally limited and can only take place during a short win-
dow of larval morphogenesis, during which access to the
air–water interface is critical for the normal inflation and de-
velopment of the swim bladder (50). In the present study, the
similar rearing conditions and procedures used for culturing
larvae from different experimental groups, coupled with the
low incidence of fish with non-inflated swim bladder in larvae
fed PL and NL1 diets, suggested that anomalies in swim blad-
der inflation observed among larvae fed the NL3 diet might be
related to diet quality rather than to problems of larvae in gulp-
ing air from the air–water interface. Thus, the high percentage
of neutral lipids in the diet might be responsible for a disrup-
tion (retardation) of normal fish development, as growth results
indicated, resulting in the failure to dilate the swim bladder
lumen and the atrophy of this organ (51). 

In conclusion, data on larval growth, survival, histological or-
ganization of the liver and intestine, and digestive enzyme activi-
ties showed that the quantity and form of EPA and DHA (NL or
PL) supplied in the diet were determining for European sea bass
larval development; fish used EPA and DHA more efficiently
when these EFA were present in the PL rather than in the NL frac-
tion of the diet. These results must be taken into account in the for-
mulation of compound diet for larvae. Indeed, lipid and LC-PUFA
are generally provided by fish oil, which is a neutral lipid, but ma-
rine PL would be a nutritionally better source of LC-PUFA.
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ABSTRACT: The FA composition of cardiolipin (CL) from the
Manila clam Ruditapes philippinarum was investigated in whole
body and individual organs. CL was isolated by HPLC and its
chemical structure characterized using NMR spectroscopy. Two
prominent FA, EPA and DHA, were found in approximately equal
proportions, contributing together up to 73 mol% of the total FA.
The FA composition of CL is presumed to reflect a specific syn-
thesis pathway independent of diet and of total glycerophospho-
lipid FA composition. To the best of our knowledge, this is the
first time that a CL dominated by the two PUFA 22:6n-3 and
20:5n-3 has been characterized and described. This EPA + DHA
specificity of the CL in the Manila clam is thought to reflect a
functional and structural modification of mitochondrial mem-
branes of this bivalve species compared with scallops, oysters,
and mussels that possess a CL dominated by DHA. The FA com-
position and levels of CL differed little between separated organs,
and the large pool of DHA and EPA was found fairly equally dis-
tributed in gills, mantle, foot, siphon, and muscle. However,
whereas DHA and PUFA levels were most stable between organs,
EPA and arachidonic acid were significantly more variable and
seemed to be interrelated.

Paper no. L9694 in Lipids 40, 619–625 (June 2005).

Cardiolipin, a phospholipid carrying four acyl chains, is con-
sidered to occur exclusively in bacterial and mitochondrial
membranes. It is recognized to be of great importance in the
maintenance of optimal activity of a number of key mitochon-
drial membrane enzymes involved in cellular energy metabo-
lism such as cytochrome c oxidase, ADP-ATP carrier, and the
oligomycin-sensitive ATPase complex (1–5). Generally, the
unique FA patterns of eukaryotic cardiolipins, particularly in
the C18 chains, have been emphasized. In mammals these CL
acyl chains are dominated by linoleic acid (18:2n-6), constitut-
ing up to 85 mol% of total FA of CL (2,4). This specific FA hy-
drophobic part appeared to be an important structural require-

ment for the high protein-binding affinity of CL (6). Dietary
modification significantly affects the composition of FA in
mammalian CL (2,7) and was shown to alter cytochrome c ox-
idase (8,9) and F1F0-ATP synthase activities (8). Thus, in addi-
tion to CL content, the molecular composition of CL may be
critical for optimal mitochondrial respiratory performance. 

Few studies have investigated whether the CL content and
FA composition of CL vary between organs. CL content is as-
sumed to reflect mitochondrial content and oxidative capacity
of the organ (10,11). In terms of FA composition, the CL from
rat kidney, heart, and liver are markedly enriched in linoleic
acid (from 60 to 85%) whereas CL from rat brain, lung, and
testis only contains from 8 to 15% linoleic acid (10,12,13).
Nevertheless, mechanisms able to explain these variations of
CL FA composition are still lacking (4).

In a previous study, we provided the first evidence for CL
containing more than 80 mol% DHA (22:6n-3). This occurred
in three marine bivalves, the scallop Pecten maximus, the mus-
sel Mytilus edulis, and the oyster Crassostrea gigas (14). The
predominance of 22:6n-3 acyl chains in CL of these bivalves
goes against the concept that FA of eukaryotic CL are mostly
constituted of C18 acyl chains with one or two double bonds.
This may reflect the paucity of data about FA compositions of
marine bivalve phospholipids (15) and in particular of minor
phospholipid classes such as CL (16–18).

In the present study, a DHA–EPA-enriched CL found in the
Manila clam Ruditapes philippinarum was isolated by HPLC
and characterized by NMR. The potential of inter-organ varia-
tions in the CL content and its FA composition were also in-
vestigated. The possible functional significances of this CL
structure composition are discussed.

MATERIALS AND METHODS

Materials. Boron trifluoride [BF3, 10% (by wt) in methanol]
was obtained from Supelco (St. Quentin Fallavier, France).
Others reagents and solvents were purchased from Merck
(Darmstadt, Germany).

Sample preparation and lipid extraction. Adult R. philip-
pinarum Manila clams were collected from the Bay of Brest
during spring and summer 2001. After removing the digestive
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tract, whole animals were pooled and homogenized with a
Dangoumeau homogenizer at −180°C. Samples were taken in
triplicate, each of three pooled individuals. Mantle, foot,
siphon, gills, and adductor muscle of R. philippinarum clams
were excised, pooled, weighed, and homogenized as above
(triplicates of three pooled individuals). Lipids were extracted
from tissue homogenates according to the method of Folch et
al. (19). To ensure complete extraction of tissue lipids, a sol-
vent-to-tissue ratio of 70:1 was used as described by Nelson
(20). After removing the organic phase, the residue was washed
with a mixture of CHCl3/MeOH (2:1, vol/vol) to exclude any
solvent retention. The final extract was stored at −20°C under
nitrogen after 0.01 wt% BHT (antioxidant) was added. 

Separation of polar lipids and CL by silica gel LC micro-
column. An aliquot of the lipid extracts was evaporated to dry-
ness, and lipids were recovered with three washings of 500 µL
of CHCl3/MeOH (98:2, vol/vol) and deposited at the top of a
silica gel microcolumn [30 × 5 mm i.d., packed with Kieselgel
60 (70–230 mesh; Merck)] previously heated at 450°C and de-
activated with 6 wt% H2O (21). Neutral lipids were eluted with
10 mL of CHCl3/MeOH (98:2, vol/vol). CL was isolated from
the rest of the glycerophospholipid (GPL) classes by rinsing
the column with 15 mL of CHCl3/MeOH (90:10, vol/vol) as
described previously (14). An aliquot of the isolated fraction
was taken for later confirmation of the presence of the CL class
by HPLC. The rest of the polar lipids was recovered with 20
mL of MeOH and stored at −20°C for later GPL class separa-
tion by HPLC or FA composition analysis by GC. To obtain
high quantities of CL for NMR analysis, the lipid extract of R.
philippinarum was separated on a silica gel column [40 × 25
mm i.d, packed with Kieselgel 60 (70–230 mesh; Merck)] as
described elsewhere (14).

Separation of phospholipid classes and FA analysis. Sepa-
ration of the phospholipid classes followed the method previ-
ously described (14), using a Waters (Milford, MA) HPLC sys-
tem (UV detection at 206 nm). Briefly, separation was per-
formed on a Lichrosorb Diol column (OH-bound silica gel
column, Lichrosorb Diol 5 µm, 250 × 4 mm i.d.; Merck) using
a binary mobile phase. A linear gradient of 15 min was per-
formed from 100% solvent A (acetonitrile) to an 8:2 ratio of
solvent A and solvent B (acetonitrile/methanol/phosphoric
acid, 93:5:1.5, by vol). This solvent ratio was maintained for 5
min, followed by a linear gradient to 100% solvent B in 10 min.
Solvent B was maintained for another 30 min, and then
switched to 100% solvent A for 15 min to reactivate the col-
umn. The solvent flow rate was 1 mL/min. The CL fraction as
well as the other GPL classes was identified, collected, and an-
alyzed for FA composition using GC after transesterification
(MeOH/BF3) (22).

NMR spectroscopy. All NMR spectra were recorded on
Bruker DRX-500 Avance Spectrometers (Wissembourg,
France) equipped with an indirect 5-mm TBI gradient
1H/{BB}/13C and an indirect 5-mm TXI gradient 1H/13C/31P
probeheads. The probe temperature was 25°C. Prior to analy-
sis, lipid samples (CL from R. philippinarum) were dissolved
into CDCl3/CD3OD (1:2.5, vol/vol). To promote solubilization

of the smallest lipid entities for a good resolution of resonances,
samples were warmed and sonicated at about 30°C for about 5
min. 2-D NMR spectra were acquired with nonspinning sam-
ples with deuterium frequency locking. 1H-1H double-quantum
filter correlated spectroscopy (DQF-COSY), heteronuclear
multiple quantum coherence (HMQC), and heteronuclear mul-
tiple bond coherence (HMBC) were employed to assign sig-
nals. DQF-COSY and HMQC were performed according to
standard pulse sequences, whereas HMBC was performed with
60 ms of delay. Measurements were recorded by collecting 1K
(F2) × 200 (F1) data points zero filled to 1K (F1) using a spec-
tral width of 500 Hz (500.13 MHz) with a repetition time of 2
s. 1H and 13C NMR chemical shifts were expressed in ppm by
reference to tetramethylsilane as external standard. 

Statistical analysis. To compare the differences between or-
gans, t-tests and one-way ANOVA were performed using
Statview (SAS Institute Inc., Cary, NC). Percentage data were
transformed (arcsin of the square root) before ANOVA and t-
test, but are presented in figure and table as untransformed per-
centage values. Differences were considered statistically sig-
nificant if P ≤ 0.05. 

RESULTS

FA composition of CL in whole animals. GC analysis of FAME
derived from the isolated CL fraction of R. philippinarum
showed a FA profile with 84.6 mol% of PUFA (Table 1). Inter-
estingly, two predominant PUFA, 22:6n-3 and 20:5n-3, were
found in similar proportions (34.9 and 37.9 mol% of the total
FA of CL, respectively). The minor components included
20:4n-6, 16:0, and 18:0 (<6.8% individually). The CL class
represented 0.9 mol% of the total GPL whereas 4.3 and 10.6
mol% of the total GPL content of DHA and EPA, respectively,
were located in the CL fraction.

FA composition of GPL and neutral lipids (NL) in whole an-
imals. The FA composition of GPL showed that DHA was
found in higher proportions than EPA in R. philippinarum
membranes (20.3 vs. 8.1%, respectively) (Table 1). On the con-
trary, NL (mainly TG) presented a higher level of EPA than
DHA (12.7 vs. 6.5%, respectively).

NMR spectroscopy. Unsaturated acyl chains esterified to the
glycerol backbone of a CL were characterized by the 1H and
13C resonances of olefinic –CH=CH–, bis-allylic methylene,
allylic methylene, and CαH2, CβH2 protons (where α and β po-
sitions are relative to the carbonyl group) (Fig. 1). The integral
ratio of the characteristic multiplets at 0.85 (from 20:4n-6 and
saturated acyl chains) and 0.95 ppm (from unsaturated n-3 acyl
chains) confirmed that 75% of the FA are n-3 PUFA. As de-
scribed in detail in an earlier study (14), the high-field single pro-
ton of C-2 outer glycerols resonated typically at 5.21 ppm
whereas 1H resonances between 3.7 and 4.5 ppm were charac-
teristic of the glycerol protons of the two quasi-equivalent outer
glycerols and of the central glycerol of a polyunsaturated CL.

From the HMBC spectrum it can be inferred that DHA
chains are bound to the sn-2 position whereas EPA chains and
others (mainly 20:4n-6 and saturated acyl chains) are bound to
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the sn-1 position (Fig. 2). Indeed, when considering 13C chem-
ical shifts of the carbonyl carbon resonances in the 173–175
ppm region, the signal from sn-2 carbonyl carbons appeared at
173.45 ppm, typically shifted by about 0.85 ppm to a lower fre-
quency than those of sn-1 carbonyls (174.3 ppm) (23). This is
confirmed by the correlation between carbonyls at 174.3 ppm
and part of the eight-line multiplet at 4.15 ppm assigned to the
magnetically inequivalent methylene protons (C-1-H1, C-1-
H1′) of outer sn-1-glycerol. On the other hand, protons from
both Cα and Cβ carbons of DHA chains (multiplet at 2.37 ppm
in relation with the ∆4 unsaturation) were clearly resolved from

those of Cα and Cβ carbons of EPA chains, 20:4n-6, and satu-
rated acyl chains (2.35 and 1.75 ppm, respectively). The for-
mer (DHA chains, multiplet at 2.37 ppm) appeared to be
specifically correlated to sn-2 carbonyl carbons whereas the lat-
ter (mainly EPA chains, multiplet at 2.35 and 1.75 ppm) were
correlated to sn-1 carbonyls (Fig. 2).

Content and FA composition of CL of different organs. In R.
philippinarum, CL accounted for 0.6% of the total GPL in mus-
cle, which was significantly different from the 1.3% in foot,
while CL contents in mantle, siphon, and gills were very simi-
lar and were not significantly different from those in muscle
and foot (Table 2). Although the same general FA composition
as in the whole animals was observed in the different organs
isolated from the Manila clam R. philippinarum with a predom-
inant preference for 22:6n-3 and 20:5n-3, small but significant
differences of EPA contents were observed between organs. In
muscle and foot, 20:5n-3 was present at similar levels as 22:6n-
3, but in gills, mantle, and siphon 20:5n-3 was less abundant
than 22:6n-3. Interestingly, in these organs, significantly higher
levels of 20:4n-6 (9.2, 7.8, and 7.4 mol% in gills, mantle, and
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TABLE 1 
FA Composition of the Cardiolipin (CL), Total Glycerophospholipids
(GPL), and Neutral Lipids (NL) from Whole Clam Ruditapes
philippinaruma

CL GPL NL

FAb

16:0 4.3 ± 1.7 11.8 ± 0.7 12.4 ± 2.3
18:0 5.6 ± 0.7 9.9 ± 1.1 8.7 ± 4.2

18:1n-9 0.8 ± 0.1 3.4 ± 0.8 8.1 ± 2.3
18:1n-7 0.3 ± 0.1 1.5 ± 0.4 2.8 ± 0.4
20:1n-11 0.4 ± 0.2 2.9 ± 0.1 4.2 ± 1.2
20:1n-9 0.2 ± 0.1 1.5 ± 0.3 2.9 ± 0.7 

20:1n-7 0.8 ± 0.3 2.1 ± 0.2 4.6 ± 1.3

18:2n-6 <0.1 0.2 ± 0.1 0.4 ± 0.2
18:3n-3 <0.1 0.4 ± 0.3 0.2 ± 0.2
20:4n-6 6.8 ± 0.6 6.4 ± 1.0 6.8 ± 0.8
20:5n-3 34.9 ± 0.2 8.1 ± 0.9 6.5 ± 1.7

21:5n-3 ND 1.0 ± 0.1 0.6 ± 0.1
NMIc 0.9 ± 0.2 9.0 ± 2.0 3.2 ± 1.1
22:4n-6 0.3 ± 0.1 3.4 ± 0.5 2.7 ± 1.6
22:5n-6 1.7 ± 0.1 1.6 ± 0.1 1.3 ± 0.4
22:5n-3 1.1 ± 0.2 4.6 ± 0.4 3.1 ± 1.0

22:6n-3 37.9 ± 2.3 20.3 ± 0.8 12.7 ± 3.1

Total SFA 12.3 ± 2.2 28.3 ± 1.0 25.4 ± 7.3
Total MUFA 3.1 ± 1.1 14.0 ± 1.4 29.7 ± 4.9
Total PUFA 84.6 ± 3.3 58.3 ± 0.6 44.9 ± 7.4

Proportion of total 4.3 ± 0.6 ND ND
22:6n-3 in CL (%)d

Proportion of total 10.6 ± 2.3 ND ND
20:5n-3 in CL (%)

CL (mol%)e 0.9 ± 0.2 ND ND

aResults are expressed in mol% of the total FA of the fraction. Values are pre-
sented as mean ± SD (n = triplicate of three pooled individuals). SFA, satu-
rated FA; MUFA, monounsaturated FA; ND, not detected.
bMain characteristic FA are represented. FA also detected but not repre-
sented are 14:0, 15:0, 17:0, 16:1n-7, 16:1n-5, 18:1n-5, 18:2n-4, 18:3n-6,
18:3n-4, 18:4n-3, 20:2n-6, 20:3n-6, 20:4n-3, 21:4n-6, none of which was
more than 1.0 mol% (except for NL). “Totals” refer to all analyzed FA.
c22:2 non-methylene-interrupted (NMI) (7,15), 22:2 NMI (7,13), 20:2 NMI
(5,13), 20:2 NMI (5,11), and 22:3 NMI (7,13,16) FA.
dPercentage of the total 22:6n-3 and 20:5n-3 of GPL located in the CL class.
ePercentage of the CL class relatively to other GPL classes.

FIG. 1. 1H resonance spectrum of Ruditapes philippinarum cardiolipin.
The insert shows the expanded 1H glycerol backbone region. aCαH2–
protons of 20:5n-3, 20:4n-6, and saturated acyl chains. bCβH2– protons
of 20:5n-3, 20:4n-6, and saturated acyl chains. Enlargement: 1C-1 pro-
tons of the two outer glycerols (sn-1 O-acyl chain). 2,3Outer glycerols
C-3 (phosphate group) and central glycerol protons. For details of as-
signments see Reference 1.



siphon, respectively) seemed to be interrelated to the lower lev-
els of 20:5n-3 found.

FA composition of total GPL. The FA patterns of total GPL
of gills, mantle, foot, siphon, and muscle from R. philip-
pinarum are presented in Table 3. Major FA were 22:6n-3 >
16:0, 18:0 > 20:5n-3, non-methylene-interrupted (NMI) FA,
and 20:4n-6. In each organ DHA was uniformly found in
higher proportion than EPA.

DISCUSSION

A CL containing up to 73 mol% of EPA + DHA has been iso-
lated from the Manila clam R. philippinarum. Interestingly, EPA
and DHA were found in almost equimolar proportions. This
polar lipid class showed the same HPLC retention time  value as
the DHA-enriched CL previously isolated and characterized in
the three bivalves P. maximus, M. edulis, and C. gigas (14). The
chemical structure of this EPA + DHA-enriched polar lipid class
isolated from the clam R. philippinarum was analyzed using
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FIG. 2. Heteronuclear multiple bond coherence spectrum in the car-
bonyl carbon region of the unsaturated acyl chains of Ruditapes philip-
pinarum cardiolipin. aCαH2– protons of 20:5n-3, 20:4n-6, and saturated
acyl chains. bCβH2– protons of 20:5n-3, 20:4n-6, and saturated acyl
chains.

TABLE 2 
FA Composition of CL (expressed in mol% of the total FA of CL), Percentage of CL Relative to Other GPL Classes
(in mol%), and Percentage of Total 22:6n-3 and 20:5n-3 of GPL Located in the CL Class in Individual Organs of
the Manila clam R. philippinarum a

Gills Mantle Siphon Foot Muscle

FAb

16:0 5.3 ± 2.5a 2.9 ± 1.1b 4.1 ± 0.7a,b 3.1 ± 1.1b 5.5 ± 0.9a

18:0 7.2 ± 1.5a 4.0 ± 0.7b 6.4 ± 0.2a 4.1 ± 0.5b 5.1 ± 2.6a,b

18:1n-9 1.0 ± 0.2a 0.5 ± 0.1b 0.6 ± 0.1b 0.6 ± 0.2b 1.4 ± 0.4a

18:1n-7 0.8 ± 0.6 <0.1 0.4 ± 0.3 <0.1 ND
20:1n-11 0.3 ± 0.2 0.3 ± 0.2 0.4 ± 0.2 1.0 ± 0.9 ND
20:1n-9 0.7 ± 0.1 <0.1 0.2 ± 0.1 <0.1 ND
20:1n-7 1.3 ± 0.6a 0.4 ± 0.3b 0.9 ± 0.5a 0.7 ± 0.1a 0.9 ± 0.4a

18:2n-6 0.4 ± 0.3 ND ND ND ND
18:3n-3 <0.1 ND <0.1 <0.1 ND
20:4n-6 9.2 ± 2.3a 7.8 ± 1.4a,b 7.4 ± 0.3b 5.2 ± 0.7c 2.7 ± 0.4d

20:5n-3 28.3 ± 0.1a 35.2 ± 0.7b 33.9 ± 0.6b 39.0 ± 1.2c 41.1 ± 2.3c

21:5n-3 <0.1 ND <0.1 ND ND
NMIc 1.2 ± 0.1 1.3 ± 0.2 0.6 ± 0.2 1.0 ± 0.5 <0.1
22:4n-6 0.7 ± 0.1 0.7 ± 0.4 0.3 ± 0.2 0.3 ± 0.1 <0.1
22:5n-6 2.1 ± 1.2 1.9 ± 0.2 1.6 ± 0.1 1.7 ± 0.1 1.5 ± 0.5
22:5n-3 1.6 ± 0.6 1.0 ± 0.1 0.9 ± 0.1 0.9 ± 0.2 1.2 ± 0.8
22:6n-3 35.8 ± 1.0a 40.7 ± 2.4b 38.0 ± 0.2a,b 39.4 ± 2.8a,b 36.8 ± 4.6a,b

Total SFA 15.9 ± 2.1a 9.1 ± 2.3b 13.6 ± 0.7a 8.3 ± 0.7b 11.7 ± 3.4a

Total MUFA 4.5 ± 1.3a 1.4 ± 0.2b 2.8 ± 0.1a 3.1 ± 1.7a 3.6 ± 2.7a

Total PUFA 79.6 ± 3.1a 89.5 ± 2.5b 83.6 ± 0.8a 88.6 ± 2.4b 84.7 ± 6.1a,b

Proportion of totald

in 22:6n-3 in CL (%) 5.2 ± 1.7a 5.3 ± 2.3a 4.7 ± 1.0a 6.1 ± 0.6b 2.5 ± 0.5a

Proportion of total 12.9 ± 2.6a 13.1 ± 5.7a 12.0 ± 1.6a 17.3 ± 0.3a 4.7 ± 0.9b

20:5n-3 in CL (%)

CL (mol%)e 0.9 ± 0.2a,b 1.0 ± 0.4a,b 1.0 ± 0.2a,b 1.3 ± 0.1b 0.6 ± 0.2a

aDifferent lowercase roman letters indicate significant difference between organs (ANOVA, P < 0.05). Values are presented
as mean ± SD (n = triplicate of three pooled individuals). For abbreviations see Table 1.
bMain characteristic FA are represented. FA also detected but not represented are 14:0, 15:0, 17:0, 16:1n-7, 16:1n-5,
18:1n-5, 18:2n-4, 18:3n-6, 18:3n-4, 18:4n-3, 20:2n-6, 20:3n-6, 20:4n-3, 21:4n-6, none of which was more than 1.0 mol%.
“Totals” refer to all analyzed FA.
c22:2 NMI (7,15), 22:2 NMI (7,13), 20:2 NMI (5,13), 20:2 NMI (5,11), and 22:3 NMI (7,13,16) FA.
dPercentage of the total 22:6n-3 and 20:5n-3 of GPL located in the CL class.
ePercentage of the CL class relatively to other GPL classes.



NMR in the 3.9–4.5 ppm (1H) region (14,24) and was demon-
strated to be exclusively constituted of CL molecules. 

In mammals, it is well documented that CL molecules pre-
sent the same marked enrichment in PUFA with low amounts
of saturated FA. This apparent selectivity encountered in CL of
most mammalian tissues is associated with linoleic acid, 18:2n-6
(2,4,25). In contrast, there is little knowledge concerning the
FA composition of CL in marine animals. As reviewed in a pre-
vious study (14), although high amounts of both n-3 and n-6
PUFA were reported in some CL from marine animals, no spe-
cific PUFA was found to be predominant. Our demonstration
of the existence of a DHA-dominant (22:6n-3 > 80 mol%) CL
in the scallop P. maximus, the mussel M. edulis, and the oyster
C. gigas (14) revealed the importance of long-chain PUFA in
CL of mollusk bivalves. In the present study, the evidence of a
CL enriched with EPA and DHA in almost equimolar propor-
tions in the Manila clam R. philippinarum provided a new ex-
ample of highly polyunsaturated CL. 

The difference between Manila clam CL (DHA + EPA) and
the DHA-enriched CL of the three bivalve species cited above
can be hypothesized to reflect FA dietary variations between these
species. Indeed, it was shown that diet significantly affects the
composition of FA in mammalian CL (2). Then, it is conceivable
that clam CL was not specifically enriched with DHA compared
with the other bivalve species because of a DHA deficiency
and/or an EPA enrichment of its diet. However, considering that
the FA composition of R. philippinarum NL provided a good sig-

nature of the diet intake (26), the fact that NL contain 12.7% of
DHA indicated that the diet was not deficient in DHA. Moreover,
the fact that DHA represented up to 20.3% of the total FA of GPL
(vs. 8.1% for EPA) showed that R. philippinarum is able to selec-
tively incorporate and maintain DHA vs. EPA in its membranes.
Obviously, these observations refute the possibility of a dietary
imbalance for the Manila clam. Hence, the selective incorpora-
tion in equal amounts of EPA and DHA in R. philippinarum CL
is likely to be metabolically controlled and to be involved in CL
structural functions. CL, specifically located in mitochondria, was
shown to be a key factor in the maintenance and modification of
activity of major membrane proteins such as cytochrome c oxi-
dase, ADP-ATP carrier, and pyruvate carrier or of other large
complexes of oxidative phosphorylation including complex I
(NADH-CoQ reductase), III (ubiquinol:ferricytochrome c oxi-
dase), and V (F0F1-ATP synthase) (1–5,8,9,27,28). The FA hy-
drophobic part appeared to be an important structural requirement
for this high protein-binding affinity of CL (6). Thus, the equal
amounts of EPA and DHA in R. philippinarum CL may be criti-
cal for optimal mitochondrial respiratory performance of the
Manila clam. 

It was shown that increasing dietary levels of 22:6n-3 in the
CL of rats reduced cytochrome c oxidase activity (8,9) and in-
creased the activity of F1F0-ATP synthase (8). Although there
are not enough literature data to support the idea that specific
PUFA compositions (i.e., 18:2n-6 vs. 20:5n-3, or 20:5n-3 vs.
22:6n-3) have distinct effects on mitochondrial enzymes, it
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TABLE 3
Compositions of the Main FA in GPL of R. philippinarum Organsa

Gills Mantle Siphon Foot Muscle

FAb

16:0 10.9 ± 0.7a 10.6 ± 0.1a 10.7 ± 0.3a 13.1 ± 0.2b 14.6 ± 0.2c

18:0 11.5 ± 1.0 10.5 ± 0.1 12.1 ± 0.5 10.2 ± 1.3 11.1 ± 0.2

18:1n-9 2.1 ± 0.4a 3.7 ± 0.4b 3.4 ± 0.3b 3.3 ± 0.3b 4.3 ± 0.3b

18:1n-7 1.1 ± 0.1a 1.1 ± 0.1a 1.0 ± 0.1a 1.1 ± 0.1a 1.7 ± 0.1b

20:1n-11 4.0 ± 0.3a 3.0 ± 0.6b 3.3 ± 0.4b 3.1 ± 0.3b 1.8 ± 0.1c

20:1n-9 2.1 ± 0.3a 1.6 ± 0.6a 1.5 ± 0.1b 1.4 ± 0.2b 1.8 ± 0.1ab

20:1n-7 2.1 ± 0.1a 1.9 ± 0.2a 2.1 ± 0.1a 2.3 ± 0.1a 3.1 ± 0.4b

18:2n-6 0.3 ± 0.1 0.2 ± 0.1 0.3 ± 0.2 0.3 ± 0.2 0.2 ± 0.1
18:3n-3 <0.1 0.2 ± 0.1 0.1 ± 0.1 0.3 ± 0.1 0.5 ± 0.1
20:4n-6 6.5 ± 1.0a 7.1 ± 0.1a 6.4 ± 0.4a 5.1 ± 0.2b 4.3 ± 0.1b

20:5n-3 5.2 ± 0.1a 6.9 ± 0.3b 6.6 ± 0.9b 7.1 ± 0.7b 10.7 ± 0.5c

21:5n-3 0.8 ± 0.1a 0.8 ± 0.1a 0.8 ± 0.1a 0.6 ± 0.3a 1.3 ± 0.1b

NMIc 13.1 ± 1.2a 9.5 ± 0.1b 8.8 ± 0.5b 10.3 ± 0.3b 3.9 ± 0.3c

22:4n-6 4.0 ± 0.3a 3.4 ± 0.5b 3.2 ± 0.4b 3.3 ± 0.1b 2.0 ± 0.3b

22:5n-6 1.8 ± 0.1a 1.7 ± 0.2a 1.6 ± 0.1a 1.6 ± 0.1a 1.2 ± 0.1b

22:5n-3 3.2 ± 0.1a 4.4 ± 0.6b 4.7 ± 0.2a 4.6 ± 0.3a 5.0 ± 0.3a

22:6n-3 17.5 ± 0.5 20.1 ± 0.2 19.4 ± 1.6 20.2 ± 1.4 18.1 ± 1.4

Total SFA 29.5 ± 1.5 28.1 ± 0.2 30.5 ± 1.6 29.6 ± 2.5 31.3 ± 1.3
Total MUFA 14.9 ± 0.7 14.2 ± 0.1 14.8 ± 1.0 13.9 ± 0.4 17.5 ± 2.0
Total PUFA 55.5 ± 0.8 57.7 ± 0.3 54.8 ± 2.7 56.5 ± 2.9 51.2 ± 3.3
aResults are expressed in mol% of the total FA of GPL. Different lowercase roman letters indicate significant difference be-
tween organs (ANOVA, P < 0.05). Values are presented as mean ± SD (n = triplicate of three pooled individuals). For ab-
breviations see Table 1.
bMain characteristic FA are represented. FA also detected but not represented are 14:0, 15:0, 17:0, 16:1n-7, 16:1n-5,
18:1n-5, 18:2n-4, 18:3n-6, 18:3n-4, 18:4n-3, 20:2n-6, 20:3n-6, 20:4n-3, 21:4n-6, none of which was more than 1.0 mol%.
“Totals” refer to all analyzed FA.
c22:2 NMI (7,15), 22:2 NMI (7,13), 20:2 NMI (5,13), 20:2 NMI (5,11), and 22:3 NMI (7,13,16) FA.



could be supposed that the typical DHA + EPA-enriched CL
(Manila clam) and the DHA-dominant CL (scallop, oyster, and
mussel) may affect differentially the packing and the interac-
tion of the CL with key metabolic enzymes. It can also be ad-
vanced that the specific positional distribution of EPA and
DHA, respectively, on the sn-1 and sn-2 glycerol positions, de-
duced by the detailed examination of NMR data, would ac-
count in such functions. 

Inter-organ variations. FA composition of CL varied little
between separated organs, and the large pool of DHA and EPA
was fairly equally distributed in gills, mantle, foot, siphon, and
muscle. As for the whole body, the total GPL FA composition
of each organ indicated that DHA is more efficiently incorpo-
rated and maintained than EPA in the membranes of R. philip-
pinarum. In addition, although the CL represented less than
1.3% of total GPL classes, an important part of total EPA of
GPL was located in the CL (up to 17 mol% in foot), indicating
a specific incorporation of this FA into the CL class. Almost
nothing is known about the inter-organ variability of bivalve
CL. Only studies from Soudant et al. (16–18) have investigated
the FA composition of male and female gonad CL from the
scallop P. maximus. In both gonads, the composition of the
DHA-dominant CL was unchanged. In mammals, CL FA com-
position can vary much more between organs. Indeed, even if
linoleic acid is generally the predominant FA found in similar
percentages in the CL from rat heart, liver, and kidney (up to
85% of total CL FA) (12,13), 18:2n-6 accounts for only 8–15%
in rat brain, lung, testis, and spleen whereas 16:0 and 18:0 to-
gether represent 51–71% of total CL FA (10,13). In rabbit
skeletal muscles, CL from the oxidative muscles contains less
18:2n-6 than CL from glycolytic muscles (76.3 and 84.5%, re-
spectively) (29). The functional significance of such differ-
ences in mammals is not known. As CL contained almost equal
amounts of DHA and EPA in the different organs of R. philip-
pinarum, it can be inferred that the metabolic functions of CL
requiring such a specific acyl composition are quite ubiquitous
in these organs. However, in regard to mammals, the possibil-
ity of some variations between organs due to the small but sig-
nificant differences of EPA contents, along with arachidonic
acid, cannot be excluded. 

The CL content differed little according to the organs of the
clam R. philippinarum. In mammals, the organ concentration of
CL is much more variable and is assumed to reflect mitochondr-
ial content and oxidative capacity (10,11). CL constitutes 14.7,
12.6, and 9% of total GPL in rat, bovine, and human heart, re-
spectively, whereas other muscle tissues that are not so highly
specialized for oxidative phosphorylation have much smaller
amounts of CL, ranging from 1.4–2.1% in the rat to 6.6 and 8.9%
in human and bovine skeletal muscle, respectively. The CL con-
tent was also reported to be very low in the lung and spleen (less
than 3%) (10). We hypothesize that the nearly constant propor-
tions of CL in R. philippinarum may reflect the mitochondrial
oxyconformity of marine bivalve invertebrates (30,31), contrary
to mammals. which are oxyregulating organisms. 

A DHA + EPA-enriched CL has been isolated from the
Manila clam R. philippinarum that is different from the DHA-

enriched CL found in the scallop P. maximus, the mussel M.
edulis, and the oyster C. gigas. The differences were speculated
to reflect means of modifications in oxidative phosphorylation
between these species. It is unclear whether these differences
could be related to the phylogeny of species. Further studies
should investigate more bivalve species to determine whether
other FA patterns of CL exist and the importance of these
highly unsaturated PUFA CL differences in mitochondrial
functioning.
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ABSTRACT: Unusual minor nonmethylene-interrupted (NMI)
FA have been identified in the lipids of gonads from the limpets
Cellana grata and Collisella dorsuosa by using GC–MS of the
combination of their 4,4-dimethyloxazoline derivatives and pi-
colinyl esters. Among 23 NMI unsaturated FA from C18 to C22
and C24 identified in this study, 5,11-nonadecadienoic (5,11-
19:2), 7,16-heneicosadienoic (7,16-21:2), 9,15-tetracosadienoic
(9,15-24:2), 5,9,15-docosatrienoic (5,9,15-22:3), and 5,9,15-
tetracosatrienoic (5,9,15-24:3) acids may not have been reported
previously from living organisms. The presence of 5,11,14,17-
eicosatetraenonoic (5,11,14,17-20:4) and 7,13,16,19-docosatet-
raenenoic (7,13,16,19-22:4) acids as FA components in marine
mollusks may be reported here for the first time. In this study, the
male and female gonads of both species showed distinct differ-
ences in both their composition and proportions of NMI FA. Most
NMI FA identified were mainly present in the female gonads of
both species, especially in TAG that contained 21 NMI FA.

Paper no. L9732 in Lipids 40, 627–630 (June 2005).

Although nonmethylene-interrupted (NMI) FA, especially C20
and C22 dienoic acids, are frequently present in small amounts
in marine gastropods (1,2), only a few studies have been con-
ducted on the occurrence of NMI FA in the gonads of marine
gastropods, especially of both male and female gonad lipids,
which are attracting increasing interest in the fields of cell de-
velopment and the reproductive cycle. The FA composition has
been compared in male and female gonads of the limpets Cel-
lana grata and Collisella dorsuosa, which are widely distrib-
uted on tidal rocks (3), but the NMI FA were found in only
small or trace amounts and so were not identified in the previ-
ous study. This paper describes the identification and occur-
rence of minor NMI FA, including unusual diene and triene iso-
mers in the gonads of these limpets, which may not have been
described previously.

EXPERIMENTAL PROCEDURES

Materials, lipid extraction, and preparation of FAME. Cellana
grata (shell length = 30 mm) and C. dorsuosa (shell length =
30 mm) were obtained in August 2001 from Miyako Bay, Iwate

Prefecture, northern Japan, and were frozen at −20°C. These
limpets were transported to our laboratory, where the gonads
were immediately removed and placed on ice. The sex was de-
termined by microscopic examination, and the gonads were
distinguished as female or male. The gonads of males and fe-
males of each species were dissected, suspended in chloro-
form–methanol (2:1, vol/vol), and then homogenized for 30 s
at 891 × g by using an IKA UltraTurrax® T25 Basic (IKA
Japan KK, Nara, Japan) to disrupt the cells. Lipids were ex-
tracted by using the method of Bligh and Dyer (4). The ex-
tracted total lipids were methylated in 14% BF3 /methanol (5).

Argentation TLC and preparation of 4,4-dimethyloxazoline
(DMOX) derivatives and picolinyl esters. FAME were fraction-
ated according to the degree of unsaturation by using argenta-
tion TLC on 5% (w/w) silver nitrate-impregnated layers of
Kieselgel 60G. Derivatives of DMOX were prepared by adding
200 µL of 2-amino-2-methyl-1-propanol to the fractionated
FAME in screw-capped tubes. The tubes were flushed for 1
min with N2, capped, and heated at 185°C overnight. The reac-
tion mixture was cooled and then dissolved in 2 mL of
dichloromethane, which was washed three times with 2 mL of
distilled water. After drying the organic phase with anhydrous
Na2SO4, the dichloromethane phase was removed under a
steam of N2. The samples were dissolved in n-hexane for
analysis by GC–MS. Picolinyl ester derivatives were prepared
as described previously (6). 

GLC and GC–MS. FAME, DMOX derivatives, and pico-
linyl esters were analyzed by using GLC with a Shimadzu GC-
8A instrument (Shimadzu Seisakusho Co., Kyoto, Japan)
equipped with an FID and a SUPELOWAXTM-10 capillary
column (30 m × 0.25 mm i.d., 0.25 µm film thickness; Supelco
Inc., Bellefonte, PA). The column temperature was isothermal
at 210°C or at 230°C. The injector and detector temperatures
were 250 and 260°C, respectively. GC–MS analyses were
recorded at an ionization energy of 70 eV (EI ionization) using
a Hewlett-Packard Agilent 5973N MS ChemStation equipped
with an OMEGAWAXTM-320 capillary column (30 m × 0.32
mm i.d., 0.25 µm film thickness; Supelco Inc.). The carrier gas
was helium at a flow rate of 1.5 mL/min. The column tempera-
ture was programmed as follows: isothermal at 200°C for 2
min, increased from 200 to 210°C (1°C/min), and maintained
at 210°C for 30 min. 

Statistical analysis. The procedures were repeated three
times for three different male and female sets of gonads and
samples for statistical analysis. All samples were analyzed in

Copyright © 2005 by AOCS Press 627 Lipids, Vol. 40, no. 6 (2005)

*To whom correspondence should be addressed at Bioscience Laboratory,
Miyako College Division, Iwate Prefectural University, Iwate 027-0039,
Japan. E-mail: ajoe@iwate-pu.ac.jp 
Abbreviations: DMOX, 4,4-dimethyloxazoline; MS, mass spectrum; NMI
FA, nonmethylene-interrupted fatty acids; PL, polar lipids.

Unusual Minor Nonmethylene-Interrupted Di-, Tri-,
and Tetraenoic Fatty Acids in Limpet Gonads

Hideki Kawashima
Bioscience Laboratory, Miyako College Division, Iwate Prefectural University, Iwate 027-0039, Japan

 



triplicate. Data are means ± SD (n = 3). Statistical comparisons
among NMI FA were made using Student’s t-test. Differences
were considered significant at P < 0.05. 

RESULTS AND DISCUSSION

Table 1 lists 23 NMI FA of C. grata and C. dorsuosa gonads
identified by using GC–MS of their DMOX derivatives. The
most interesting characteristic was the presence of NMI dienes
and trienes with a 5,9-double bond system; 5,11-nonadeca-
dienoic (5,11-19:2), 7,16-heneicosadienoic (7,16-21:2), 9,15-
tetracosadienoic (9,15-24:2), 5,9,15-docosatrienoic (5,9,15-
22:3), and 5,9,15-tetracosatrienoic (5,9,15-24:3) acids may not
have been reported previously from living organisms. 

In the diene fraction, the mass spectrum (MS) of the DMOX
derivative 5,11-19:2 had a molecular ion at m/z 347. The dou-
ble bond positions at 5 and 11 were confirmed by a diagnostic
ion at m/z 153, a gap of 12 amu between m/z 222 and 234. The
structure of 5,11-19:2 was also confirmed by the MS of its pico-
linyl ester, which had a molecular ion at m/z 385, and the dou-
ble bond positions were definitely assigned by a gap of 26 amu

between m/z 178 and 204 and between m/z 260 and 286. The
MS of the DMOX derivative 7,16-21:2 had a molecular ion at
m/z 375 and diagnostic peaks at m/z 168 and 180 for double
bond 7, and 292 and 304 for double bond 16. The MS of the
DMOX derivative 9,15-24:2 had a molecular ion at m/z 417
and diagnostic peaks at m/z 196 and 208 for double bond 9, and
278 and 290 for double bond 15. GC–MS data for the picolinyl
esters confirmed the structure of 7,16-21:2 at m/z 413 [M+] and
206, 232, 330, and 356, and of 9,15-24:2 at m/z 455 [M+] and
234, 260, 316, and 342.

In the triene fraction (Table 1), the MS of DMOX deriva-
tives 5,9,15-22:3 and 5,9,15-24:3 had diagnostic ions at m/z
153, 166, and 180 for a 5,9-double bond system and an interval
of 12 amu between ions m/z 276 and 288, indicating a double
bond at position 15. The mass spectra of the picolinyl esters
5,9,15-22:3 and 5,9,15-24:3 had a molecular ion at m/z 425 and
453, respectively, the ion at m/z 219 for a 5,9-double bond sys-
tem, and a peak with a gap of 26 amu between m/z 314 and 340,
confirming a double bond at position 15. Similarly, 5,9,17-24:3
was also characterized by using its DMOX derivative and pi-
colinyl ester.
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TABLE 1
Characteristic MS Fragments of 4,4-Dimethyloxazoline Derivatives of Nonmethylene-Interrupted FA in the Lipids from Gonads of the Limpets
Cellana grata and Collisella dorsuosa

FA RTa (min) Characteristic fragments (m/z, relative intensity)

Diene
5,9-18:2 6.39 113 (100), 153 (5), 166 (3), 180 (95), 194 (0.8), 206 (1), 333 (M+, 3)
5,11-18:2 6.54 113 (100), 153 (10), 222 (0.7), 234 (1), 333 (M+, 2)
5,11-19:2b 8.02 113 (100), 153 (11), 222 (0.5), 234 (1), 347 (M+, 1.5)
5,13-19:2 8.19 113 (100), 153 (11), 250 (1), 262 (2), 347 (M+, 3)
5,11-20:2 10.09 113 (100), 153 (11), 222 (1), 234 (1.5), 361 (M+, 2)
5,13-20:2 10.21 113 (100), 153 (11), 250 (1), 262 (2), 361 (M+, 4)
7,13-20:2 10.32 126 (100), 168 (11), 180 (52), 250 (7), 262 (6), 361 (M+, 5)
7,13-21:2 12.82 126 (100), 168 (8), 180 (49), 250 (3), 262 (4), 375 (M+, 6)
7,15-21:2 13.10 126 (100), 168 (11), 180 (21), 278 (2), 290 (4), 375 (M+, 9)
7,16-21:2c 13.28 126 (100), 168 (10), 180 (30), 292 (3), 304 (5), 375 (M+, 11)
5,9-22:2 15.85 113 (100), 153 (4), 166 (3), 180 (96), 194 (1), 206 (2), 389 (M+, 3)
7,13-22:2 15.99 126 (100), 168 (10), 180 (62), 250 (4), 262 (5), 389 (M+, 7)
7,15-22:2 16.25 126 (100), 168 (9), 180 (28), 278 (2), 290 (3), 389 (M+, 10)
9,15-22:2 16.45 126 (100), 196 (6), 208 (5), 278 (7), 290 (6), 389 (M+, 13)
5,9-24:2 26.01 113 (100), 153 (6), 166 (5), 180 (85), 194 (1), 206 (2), 417 (M+, 3)
9,15-24:2d 26.48 126 (100), 196 (5), 208 (3), 278 (3), 290 (6), 417 (M+, 11)

Triene
5,11,14-20:3 11.24 126 (100), 153 (12), 222 (2), 234 (2), 262 (3), 274 (2), 359 (M+, 3)
5,9,15-22:3e 17.24 113 (87), 153 (6), 166 (4), 180 (100), 194 (2), 206 (2), 276 (1), 288 (1), 387 (M+, 3)
7,13,16-22:3 18.02 126 (100), 168 (9), 180 (37), 250 (4), 262 (6), 290 (10), 302 (6), 387 (M+, 10)
5,9,15-24:3f 27.68 113 (91), 153 (5), 166 (4), 180 (100), 194 (1), 206 (2), 276 (1), 288 (1), 415 (M+, 5)
5,9,17-24:3g 28.11 113 (96), 153 (5), 166 (4), 180 (100), 194 (1), 206 (2), 304 (1), 316 (2), 415 (M+, 4)

Tetraene
5,11,14,17-20:4 13.02 113 (100), 153 (16), 222 (1), 234 (2), 262 (2), 274 (2), 302 (2), 314 (2), 357 (M+, 3)
7,13,16,19-22:4 21.14 126 (100), 168 (9), 180 (27), 250 (3), 262 (4), 290 (9), 302 (6), 330 (7), 342 (9), 385 (M+, 11)

aRetention times: OMEGAWAXTM-320 capillary column (Supelco, Bellefonte, PA); column temperature, isothermal at 200°C for 2 min, programmed at
1°C/min to 210°C and maintained for an additional 30 min.
bPicolinyl ester: 93 (100), 164 (35), 178 (4), 204 (7), 260 (5), 286 (9), 385 (M+, 22).
cPicolinyl ester: 92 (100), 164 (70), 206 (7), 232 (5), 330 (4), 356 (6), 413 (M+, 39). 
dPicolinyl ester: 92 (100), 164 (66), 234 (8), 260 (6), 316 (4), 342 (12), 455 (M+, 30).
ePicolinyl ester: 92 (100), 164 (35), 178 (4), 204 (2), 219 (49), 232 (7), 258 (4), 314 (6), 340 (4), 425 (M+, 24).
fPicolinyl ester: 92 (100), 164 (64), 178 (3), 204 (1), 219 (45), 232 (6), 258 (5), 314 (3), 340 (3), 453 (M+, 20).
gPicolinyl ester: 92 (100), 164 (44), 178 (4), 204 (2), 219 (41), 232 (4), 258 (6), 342 (5), 368 (4), 453 (M+, 23).



In the tetraene fraction (Table 1), the MS of the DMOX de-
rivatives 5,11,14,17-20:4 and 7,13,16,19-22:4 showed charac-
teristic fragments; their spectra agreed with the data from other
studies (7). Although 5,11,14,17-20:4 has usually been found
in some marine bivalves (8) and seed oils from gymnosperms
(9), 7,13,16,19-22:4 has been found only in mammalian cells
(10,11).

To clarify the distribution of NMI FA in the male and female
gonads of C. grata and C. dorsuosa, the FA and their positional
isomers in TAG and polar lipids (PL) were analyzed to com-
pare these gonads (Table 2). The positional isomers of NMI di-
enes C18 to C22 and trienes C22 and C24 were widely present in
both species. Most NMI FA identified were mainly detected in
the female gonads of both species, especially in the TAG of
both species that contained 21 NMI FA. Among these NMI FA,
the positional isomers of 24:3 were found only in the female
gonads of both species. In this study the male and female go-
nads of both species showed distinct differences in both their
composition and proportions of NMI FA. The proportions of
5,9-24:2 and 5,9,17-24:3 showed a statistically significant dif-
ference between the male and female gonads of both species.
An interesting result was that the proportions of 5,9-18:2, 5,9-
22:2, 5,9-24:2, 5,9,15-24:3, and 5,9,17-24:3 were higher in the
PL of the female gonad of both species than in the female TAG,

and that both female gonads had the highest content of 5,9-
22:2. These differences between the TAG and PL of female go-
nads of both species were statistical significant. The findings of
this study suggest that the occurrence of 5,9-24:2 and 5,9,17-
24:3 is a sexual difference and that female gonads have more
specific NMI FA components of structural lipids (PL) than stor-
age lipids (TAG). However, the NMI FA composition results
in limpet gonads also might be related to the effects of seasonal
variations or the reproductive cycle or both. Some NMI FA
with a 5,9-double bond system could play an important role in
female reproductive physiology because of their exclusive
presence in the PL of female gonads and their unique structure.
A clarification of the physiological role of NMI FA in limpet
gonads will be the subject of future study.

Although both 5,9-24:2 and 5,9,17-24:3 are found in each
of the two sponges Hymeniacidon sanguinea and Dysidea frag-
ilis (12,13), the presence of 5,9,15-24:3 may not have been re-
ported previously from any living organism. The NMI diene
FA 5,9-18:2, 5,9-22:2, and 5,9-24:22 are found in the phospho-
lipids of the Caribbean sponges Plakortis halichondroides and
Calyx podatypa (14,15) and in the phospholipids of the
anemone Condylactis gigantea and the zoanthid Palythoa
caribaeorum (16). In contrast, 5,9-18:2 is also found in terres-
trial seed lipids as well as in some marine sponge lipids
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TABLE 2
Distribution of Nonmethylene-Interrupted (NMI) FA in Gonads of the Limpets Cellana grata and Collisella dorsuosaa

Male gonad Female gonad

TAG Polar lipids TAG Polar lipids

FA C. grata C. dorsuosa C. grata C. dorsuosa C. grata C. dorsuosa C. grata C. dorsuosa

5,9-18:2 Tracea 0.07 ± 0.01α —b 0.03 ± 0.01c,α 0.05 ± 0.01a,A 0.06 ± 0.01B 0.38 ± 0.03b,A 0.18 ± 0.02c,B

5,11-18:2 Traceα Trace 0.34 ± 0.01α — Trace Trace — —
5,11-19:2 Trace — Trace Trace — — — —
5,13-19:2 Trace — Trace Trace Trace — — —
5,11-20:2 0.22 ± 0.01a,α 0.64 ± 0.01b,β 0.37 ± 0.01c,α 0.40 ± 0.03β 0.27 ± 0.02a,A 0.56 ± 0.02b,B 0.51 ± 0.02c,A 0.45 ± 0.02B

5,13-20:2 0.09 ± 0.02a,α 0.48 ± 0.01b,β Tracec,α 0.32 ± 0.01d,β Tracea,A 0.33 ± 0.02b,B 0.15 ± 0.02c,A 0.25 ± 0.02d,B

7,13-20:2 0.69 ± 0.02a,α 0.73 ± 0.02b,β 0.48 ± 0.02c,α 0.25 ± 0.01d,β 0.61 ± 0.02a,A 0.80 ± 0.02b,B 0.25 ± 0.02c,A 0.21 ± 0.02d,B

7,13-21:2 — 0.09 ± 0.02a,α Trace Traceα Trace Tracea Trace Trace
7,15-21:2 — Trace Trace — Trace Trace Trace —
7,16-21:2 — — — — Trace Trace Trace —
5,9-22:2 Tracea Trace —b —c 0.02 ± 0.01a,A 0.02 ± 0.0B 2.30 ± 0.05b,A 2.16 ± 0.02c,B

7,13-22:2 0.35 ± 0.01a,α 0.98 ± 0.02b,β 0.30 ± 0.01c,α 0.74 ± 0.03d,β 1.37 ± 0.03a,A 1.11 ± 0.04b,B Tracec,A Traced,B

7,15-22:2 0.06 ± 0.01a,α 0.85 ± 0.03b,β 0.08 ± 0.01c,α 0.36 ± 0.03d,β 0.47 ± 0.01a,A 1.03 ± 0.02b,B 0.25 ± 0.02c,A 0.65 ± 0.02d,B

9,15-22:2 0.02 ± 0.0 0.02 ± 0.0 — Trace — 0.02 ± 0.0 — —
5,9-24:2 Tracea Traceb Tracec —d 0.09 ± 0.01a,A 0.10 ± 0.03b,B 0.21 ± 0.02c,A 0.15 ± 0.01d,B

9,15-24:2 —a Traceb — — 0.06 ± 0.01a,A 0.06 ± 0.01b,B —A —B

5,11,14-20:3 0.02 ± 0.01a,α 0.50 ± 0.02b,β 0.15 ± 0.01c,α 0.38 ± 0.02d,β 0.14 ± 0.01a,A 0.33 ± 0.03b,B 0.41 ± 0.02c,A 0.59 ± 0.02d,B

5,9,15-22:3 — 0.03 ± 0.01a,α Traceb —c,α TraceA 0.07 ± 0.02a,B 0.02 ± 0.01b,A 0.19 ± 0.02c,B

7,13,16-22:3 0.18 ± 0.01a,α 0.92 ± 0.03b,β 0.23 ± 0.02c,α 0.26 ± 0.04β 0.77 ± 0.02a,A 0.16 ± 0.01b,B 0.37 ± 0.02c,A 0.30 ± 0.04B

5,9,15-24:3 — —a —b —c 0.03 ± 0.0 A 0.14 ± 0.02a,B 0.74 ± 0.02b,A 0.80 ± 0.02c,B

5,9,17-24:3 —a —b —c —d 0.04 ± 0.01a,A 0.06 ± 0.01b,B 0.25 ± 0.01c,A 0.49 ± 0.01d,B

5,11,14,17-20:4 Tracea,α 0.02 ± 0.01b 0.59 ± 0.01c,α 0.02 ± 0.0 1.00 ± 0.06a,A 1.07 ± 0.02b,B 0.30 ± 0.03c,A TraceB

7,13,16,19-22:4 Tracea,α 0.40 ± 0.01β 0.52 ± 0.02b,α 0.32 ± 0.01c,β 0.38 ± 0.02a,A 0.43 ± 0.03B Traceb,A 0.16 ± 0.02c,B

Total NMI FA 1.63 ± 0.02 5.73 ± 0.02 3.06 ± 0.05 3.09 ± 0.03 5.30 ± 0.05 6.31 ± 0.10 6.11 ± 0.02 6.57 ± 0.05
aValues are expressed as mean ± SD (n = 3). For statistical analysis, “Trace” and “not detected” (—) were set as 0.01 and 0, respectively. Means with the
same lowercase superscript letters are significantly different between sexes (Student’s t-test, P < 0.05), those with the same capital letters are significantly dif-
ferent (Student’s t-test, P < 0.05) between the TAG and polar lipid fractions of female gonads, and those with the same lowercase Greek superscript letters
are significantly different (Student’s t-test, P < 0.05) between the TAG and polar lipid fractions of male gonads. Trace, <0.01%; —, not detected. 



(9,15,16). Therefore, the long-chain NMI FA 5,9-22:2, 5,9-
24:2, 5,9,15-24:3, and 5,9,17-24:3 detected in this study might
be biosynthesized by the limpet itself or by some of its symbi-
otic organisms. These dienes with 5,9 double bonds might be
derived from the corresponding 9-monoenoic FA by ∆5 desat-
uration. On the other hand, the unusual isomers 5,9,15-24:3 and
5,9,17-24:3 might be derived from the typical NMI dienes
7,13-22:2 and 7,15-22:2, respectively, by chain elongation and
subsequent ∆5 desaturation. In contrast, some NMI FA de-
tected in these gonads might be derived from the diet or the re-
sult of marine food web effects, or both, because of their very
small amounts. Thus, further research is needed to confirm
whether the occurrence of NMI FA in limpet gonads is a con-
sequence of intake from the marine food chain or de novo syn-
thesis or both.
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ABSTRACT: There have been conflicting reports regarding the
effectiveness of dietary nucleotides (NT) to regulate tissue desat-
urases and hence stimulate accumulation of both n-6 and n-3
long-chain polyunsaturated fatty acids (LCPUFA). The aim of this
study was to examine the effect of NT-supplemented cow’s milk-
based formula on erythrocyte phospholipid FA status in a large
randomized controlled trial involving a well-nourished infant
population born at term. Formula-fed infants were allocated to
control formula with an innate level of NT at 10 mg/L (n = 102),
or formula fortified with NT at 34 mg/L (n = 98). A parallel group
of breastfed infants was included as a reference. Peripheral blood
samples were collected by venipuncture at 7 mon of age and
erythrocyte phospholipid FA determined by capillary GC. Eryth-
rocyte LCPUFA levels did not differ between the NT-supple-
mented and control formula groups and were reduced in both
groups compared with breastfed infants. We conclude that there
is no induction of LCPUFA accumulation in erythrocyte phospho-
lipids of term, formula-fed infants following 7 mon of NT supple-
mentation.

Paper no. L9748 in Lipids 40, 631–634 (June 2005).

Human milk contains higher amounts of nonprotein nitrogen
as nucleotides (NT), nucleosides, and nucleic acids compared
with bovine milk from which most infant formulas are manu-
factured (1,2). NT in human milk are thought to play an impor-
tant role in aspects of cellular function and metabolism, includ-
ing growth and maturation of the gastrointestinal tract and the
development of infant immunity (1,3). Recent changes in the
composition of some infant formulas marketed throughout the
world have resulted in the addition of NT in an attempt to
mimic the typical composition of human milk. Some random-
ized controlled trials (RCT) involving formula-fed infants have
reported beneficial effects of NT supplementation on various
components of the immune system (4–6), the incidence of di-
arrhea (7), intestinal microflora (8), and growth in infants born
small for gestational age (9). An area of controversy in NT nu-

trition relates to their ability to modulate the accumulation of
long-chain PUFA (LCPUFA), such as DHA (22:6n-3) and ara-
chidonic acid (20:4n-6) (10,11). Whereas reports from one lab-
oratory suggest beneficial effects, subsequent studies involving
preterm (12) or low-birth-weight infants (13) have been unable
to confirm the LCPUFA-enhancing effects of supplemental NT
compared with unsupplemented formula. In a more recent
study designed primarily to examine the effect of added NT on
iron status of term infants, there was also no significant differ-
ence between the NT-supplemented group and other formula
groups in erythrocyte FA composition at both time points fol-
lowing commencement of feeding (4 and 6 mon of age) (14).

LCPUFA have been implicated as factors affecting growth
and development of term infants (15). Healthy term infants ran-
domly allocated to LCPUFA-supplemented formula have been
shown to have better LCPUFA tissue status, and in some cases,
improved indices of neural function compared with unsupple-
mented infants (16–18). Therefore, any interaction between NT
and LCPUFA may be of importance in the nutrition of infants.

The purpose of this study was to investigate the effect of
term infant formula supplemented with NT as marketed in Aus-
tralia and Europe (33.5 mg/L 5′-monophosphates; 5 mg/100
kcal) on erythrocyte phospholipid LCPUFA status in compari-
son with unsupplemented formula. Infants were enrolled in a
large RCT conducted with primary outcome measures focused
on growth and biochemical indices of immune function (19).
Secondary outcomes included erythrocyte phospholipid FA at
7 mon, which are reported here.

EXPERIMENTAL PROCEDURES

Subjects. Mothers with eligible infants were recruited from
the postnatal ward at the Women’s and Children’s Hospital
(WCH), Adelaide according to the protocol approved by the
WCH Research Ethics Committee. Infants were eligible if
they were born at term (≥37 wk gestation) and had a birth
weight ≥2500 g and were excluded if they had major congen-
ital deformities or illnesses, confirmed infection in the neona-
tal period requiring antibiotic therapy, or if their mother had
diabetes requiring insulin during pregnancy. Infants allocated
to the formula feeding groups had mothers who had decided
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to exclusively formula-feed from birth. Mothers who in-
tended to breastfeed for at least 7 mon were approached for
enrollment into the reference breastfed group.

Randomization and blinding. Formula-fed infants were ran-
domly assigned to one of four masked formula codes corre-
sponding to two different formulas. Assignment to the infant’s
feeding regimen was by sequentially numbered, opaque, sealed
envelopes. Trial participants and study personnel had no
knowledge of the next assignment prior to obtaining consent.

Treatments. Infants in the control group received standard
whey-adapted, cow’s-milk protein-based S26 (Wyeth Nutri-
tion) in powder form to provide 67 kcal/100 mL and an innate
level of NT at 10 mg/L (1.5 mg/100 kcal). Infants in the treat-
ment group (NT+) received the same whey-adapted, cow’s-
milk protein-based S26 in powder form to provide 67 kcal/100
mL and fortified with cytidine monophosphate (CMP) at 17.3
mg/L (2.58 mg/100 kcal), uridine monophosphate (UMP) at
6.6 mg/L (0.99 mg/100 kcal), adenosine monophosphate
(AMP) at 4.4 mg/L (0.66 mg/100 kcal), inosine monophos-
phate (IMP) at 3.1 mg/L (0.46 mg/100 kcal), and guanosine
monophosphate (GMP) at 2.2 mg/L (0.33 mg/100 kcal). The
composition of fat blends used to manufacture both the control
and NT+ formulas was randomized palm olein (36% of total
blend), high-oleic sunflower (21%), coconut (21%), soy (21%),
and lecithin (0.98%). Both test formulas contained linoleic acid
(LA, 16.2% of total FA) and α-linolenic acid (ALA, 1.5% of
total FA) but no added LCPUFA (Wyeth Nutrition). 

Mothers were asked to feed their infant their assigned study
formula as the only milk source until 7 mon of age. For breast-
fed infants, breastfeeding was strongly encouraged for the en-
tire 7-mon feeding period. The use of solid foods was strongly
discouraged during the first 4 mon of the study. Intake of non-
study milks, juice, or solid foods was recorded for all infants as
part of monthly telephone contact throughout the study. Egg,
meat, chicken, and fish were considered likely to contribute
some LCPUFA to the diet.

Laboratory assessments. Blood samples were taken by
venipuncture at 31.9 ± 1.6 wk of age for measurement of eryth-
rocyte FA composition. Plasma and erythrocytes were sepa-
rated by centrifugation at 690 × g for 5 min at room tempera-
ture. Plasma samples were used for measurement of immune
responses as reported elsewhere (19). Erythrocyte FAME were
prepared, separated, and analyzed as described previously (20).
Briefly, erythrocyte lipids were extracted with chloroform/
propanol on the day of blood collection. The phospholipid frac-
tions were separated by TLC, methylated, and quantified using
a Hewlett-Packard 6890 gas chromatograph and identified
based on the retention time of authentic lipid standards (Nu-
Chek-Prep Inc., Elysian, MN).

Sample size and statistics. To cover all sample size estimates
required for the primary outcome measures associated with this
RCT, we aimed for 70 infants per group to complete the trial
(19). We therefore enrolled approximately 100 infants per
group. This allowed for 30% loss due to withdrawals, low com-
pliance, and incomplete blood collections. Seventy infants per
formula group enabled us to detect a minimum difference of

0.15% total phospholipid DHA (SD 0.3) between NT-supple-
mented and control formula-fed infants with 84% power and
an α of 0.05. This level of difference is unlikely to be of any
clinical relevance (21), and a statistical analysis supporting the
null hypothesis would indicate equivalence of NT-supple-
mented and control formula in terms of LCPUFA status.

The effect of feeding formula with or without NT on eryth-
rocyte FA composition was assessed on an intention-to-treat
basis. Differences between the randomized dietary groups were
analyzed by Independent Samples T Test. Secondary analyses
included the comparison between the two formula-fed groups
and the breastfed reference group using one-way ANOVA with
post hoc analysis using Bonferroni corrections and analysis in-
cluding only the infants who complied with the feeding proto-
col (≥80% of all milk feeds were study formula or breast milk).
All analyses were completed using SPSS for Windows 10.0
(SPSS Inc., Chicago, IL).

RESULTS 

Characteristics of trial participants. Two hundred mothers of
formula-fed infants agreed to participate in the study and were
allocated either to the control group (n = 102) or to the NT+
group (n = 98). Blood samples suitable for analysis of FA sta-
tus were collected from 136 of 200 (68%) formula-fed infants
at 7 mon of age. More than 90% (66 of 69 in the control group
and 63 of 67 NT+ group) of all infants were receiving at least
80% of their milk feeds as study formula at the time of blood
collection. One hundred twenty-five infants were enrolled in
the breastfed reference group, and analysis of erythrocyte FA
was completed on 96 (77%) infants at 7 mon of age. As ex-
pected, the number of infants receiving ≥80% of milk feeds as
breast milk decreased throughout the study to 59% (57 of 96)
at the end of the 7-mon feeding period.

Introduction of solids. Solids were introduced into the diet
of 71% (97 of 136) of formula-fed infants by 4 mon of age.
Only 6% of foods were likely to contribute to the LCPUFA in-
take of those infants receiving solids, and there was no differ-
ence in the rate of introduction of weaning foods or type of
weaning foods between the treatment groups. Fewer infants in
the breastfed reference group had received solids by 4 mon of
age (56 of 96, 58%), and the proportion of foods likely to con-
tribute some LCPUFA to the diet was 7% (7 of 96). By 7 mon
of age, all infants in the study were receiving weaning foods
and there was no difference between the groups regarding the
proportion of foods likely to contribute LCPUFA to the diet
(Control, 44 of 69; NT+, 41 of 67; breastfed, 62 of 96).

FA composition. Dietary NT had no effect on the LCPUFA
status of erythrocyte membranes of formula-fed infants regard-
less of whether the comparison was on an intention-to-treat
basis (Table 1) or only included the infants who were compli-
ant with the feeding protocol (data not shown). The level of
n-3 LCPUFA present in erythrocyte membrane phospholipids
was higher in the breastfed group whereas monounsaturated
FA and total n-6 FA were lower compared with both groups of
infants receiving formula.
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DISCUSSION

This is the largest RCT to rigorously test the effect of dietary
NT on FA status in term infants. Our trial showed that supple-
mentation of infant formula with 33.5 mg/L (5 mg/100 kcal)
free NT did not influence the FA status of term infants at 7 mon
of age. Our results support the findings of Hernell and Lön-
nerdal (14), Woltil et al. (13), and Axelsson et al. (12) but con-
trast with the frequently cited studies from Spain suggesting
that dietary NT may play a role in enhancing enzymes involved
in the conversion of 18-carbon PUFA precursors to their
longer-chain derivatives (10,11,22). The Spanish studies report
higher levels of LCPUFA in erythrocyte phospholipids, plasma
lipids, and plasma phospholipids in the NT-supplemented
group of infants compared with unsupplemented infants in the
first months of life. In addition, DeLucchi et al. and Gil et al.
reported that, in general, the pattern of LCPUFA in tissues from
NT-supplemented infants was more like those of breastfed in-
fants, as dietary NT appeared to stimulate accumulation of both
n-6 and n-3 LCPUFA (10,11). Infants in our study were sup-
plemented with a higher dose of NT (33.5 mg/L compared with
11.7 mg/L) for a longer period of time (7 mon compared with
1 mon), and group sizes were considerably larger (67–69 per
group compared with 19 per group). Furthermore, the values
seen in our current trial concur with those reported for formula-
fed and breastfed infants in other studies (21,23). It would seem
likely that the conditions under which our study was conducted
would lead to measurable effects on LCPUFA status if dietary
NT contribute to augmentation of LCPUFA synthesis.

There are no food composition tables that document NT
content of Australian foods. Therefore, we have considered the
age of introduction of solid foods and the proportion likely to
contribute some LCPUFA and NT to the diet. There were no
differences between the treatment groups in the timing or type

of weaning foods introduced, thus it is unlikely that dietary in-
take of weaning foods is a confounding factor in this study. In
fact, it appears that even against a background of increasing
amounts of foods containing NT and LCPUFA, breastfed in-
fants still maintain significantly higher levels of LCPUFA. Al-
though we cannot exclude the possibility that NT supplemen-
tation may have an effect on the FA status of formula-fed in-
fants at an earlier age, such an effect would be transitory in
nature and may be of little clinical benefit.

We have shown in another study that infants in this age
group have the capacity to alter their erythrocyte LCPUFA sta-
tus in response to diet (21). In that study we showed that reduc-
ing the LA/ALA ratio from 10:1 to 5:1 (but keeping other con-
stituents equal) resulted in an enhancement of EPA, docosapen-
taenoic acid, and DHA levels although not to the levels seen in
breastfed infants. Thus, we are confident that we have the abil-
ity to detect small changes in erythrocyte LCPUFA status when
they are present. The current study was larger than our earlier
report (21).

In summary, in a pragmatic trial that considers usual and
recommended feeding practices regarding the introduction of
solids, the use of NT-supplemented formula does not change
erythrocyte LCPUFA levels in late infancy.
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TABLE 1
Comparison of Erythrocyte Phospholipid FA from Control and NT-Supplemented
Formula-Fed Infants at 7 mon of Agea,b

Control formula NT+ formula Reference breastfed groupb

FA (n = 69) (n = 67) (n = 96)

Total saturates 42.0 ± 0.1 42.0 ± 0.1 42.4 ± 0.1
Total monounsaturates 18.2 ± 0.1 18.2 ± 0.1 17.2 ± 0.1
18:2n-6 (LA) 12.8 ± 0.1 12.8 ± 0.1 10.1 ± 0.2
20:3n-6 (DGLA) 1.9 ± 0.04 1.9 ± 0.1 1.6 ± 0.03
20:4n-6 (AA) 14.5 ± 0.1 14.4 ± 0.1 15.3 ± 0.1
22:4n-6 4.7 ± 0.04 4.7 ± 0.05 3.7 ± 0.06
Total n-6 35.4 ± 0.1 35.3 ± 0.2 31.8 ± 0.2
20:5n-3 (EPA) 0.2 ± 0.01 0.2 ± 0.01 0.4 ± 0.02
22:5n-3 (DPA) 1.6 ± 0.03 1.6 ± 0.03 2.2 ± 0.05
22:6n-3 (DHA) 2.1 ± 0.05 2.1 ± 0.04 4.9 ± 0.18
Total n-3 3.9 ± 0.07 4.0 ± 0.07 7.8 ± 0.2
aMean ± SEM, % of total FA. LA, linoleic acid; DGLA, di-homo-γ-linoleic acid; AA, arachidonic acid;
DPA, docosapentaenoic acid. Control, unsupplemented formula; NT+, nucleotide-supplemented
formula.
bDifferences between the randomized treatment groups were analyzed by Independent Samples T
Test. There were no significant differences between the two randomized groups for any of the vari-
ables described. Data were also analyzed by ANOVA with post hoc analysis using Bonferroni cor-
rections on an intention-to-treat basis. Breastfed infants were different from both formula-fed groups
for all of the FA variables described (P < 0.01).
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ABSTRACT: Treatment of animals or cells with the amphipathic
tertiary amine U18666A {3β-[2-(diethylamino) ethoxy]androst-5-
en-17-one} provides models for several human diseases (e.g.,
cataracts, Niemann–Pick disease, and epilepsy). Although
U18666A can inhibit several enzymes in the cholesterol synthe-
sis pathway, we hypothesized that induction of these varied con-
ditions was due to physical effects of the amine rather than to in-
hibition of specific proteins. To test this possibility we compared
the capacity of U18666A and its enantiomer, ent-U18666A, to
inhibit net sterol synthesis and induce apoptosis in cultured
bovine lens epithelial cells. Nonenantiospecific actions depen-
dent on the physical properties of these mirror image molecules
would be identical, but effects dependent upon enantiospecific
interactions would be different for the enantiomers. At the same
concentrations, both forms of the compound equally inhibited
sterol synthesis and induced apoptosis. These observations sup-
ported a generalized mechanism of enzyme inhibition such as
perturbation of the microenvironment of endoplasmic enzymes
and alteration of membrane order, perhaps of the mitochondrial
membrane, to explain induction of apoptosis.

Paper no. L9707 in Lipids 40, 635–640 (June 2005).

The steroid 3β-[2-(diethylamino) ethoxy]androst-5-en-17-one
(U18666A) is a widely-studied inhibitor of sterol synthesis be-
cause, when given to intact animals or cells, it generates mod-
els of at least three human diseases: atypical absence (petit mal)
epilepsy (1,2), cataracts (3,4), and Niemann–Pick type C dis-
ease (NPC) (5–7). U18666A has recently also been shown to
induce apoptosis in cultured lens cells (4) and neurons (8). Un-
derstanding how a single inhibitor of sterol metabolism can in-
duce such varied disorders is a long-term goal of these investi-
gations. Although multiple mechanisms may underlie induc-
tion of these diverse conditions [U18666A can decrease the
cholesterol content of membranes (1,3), alter sterol composi-
tion of cells (2,3), and increase cellular free cholesterol levels
(8)], we hypothesized that its broad toxic actions are more re-
lated to general perturbation of membrane structure through di-

rect intercalation of this molecule (4). Part of the complexity in
understanding the effects of U18666A on cells may be due to
its multiple effects on sterol biosynthesis. 

Although U18666A is considered to be an inhibitor of oxi-
dosqualene cyclase (OSC) (9), it can also inhibit sterol ∆8-isom-
erase (SI) (10) and desmosterol reductase (1l). The mechanism
of enzyme inhibition is unclear. Catalysis by both OSC and SI
proceeds through a high-energy carbocationic intermediate
(12,13). Structural mimics of the intermediate that inhibit the
enzyme include amphipathic molecules containing a suitable
positive charge, often provided by an ammonium group. Ex-
amples of mimics include the azasqualene series of compounds
(12), the 8-azadecalin series of compounds (13), as well as
U18666A. Inhibition of OSC by the azasqualenes was shown
to be noncompetitive (12), and both noncompetitive and com-
petitive mechanisms of inhibition were seen for the azadecalins
depending upon the specific compound (13). 

U18666A and other Class 2 amphiphiles can also interfere
with the intracellular movement of cholesterol and cause accu-
mulation of unesterified cholesterol, mimicking NPC lipid stor-
age disease (14), a genetic condition characterized by the defi-
ciency of an integral membrane protein, NPC1 protein, which
is important for the intracellular transport of cholesterol (15).
The apoptosis induced in cultured neurons by U18666A was
also believed due to intracellular accumulation of toxic levels
of unesterified cholesterol (8). Although U18666A could di-
rectly interact with the NPC1 protein, the block in cholesterol
trafficking could occur through a more general effect on mem-
branes due to the structural diversity of the hydrophobic amines
that induce NPC (6).

As part of our studies into the mechanism of the U18666A-
induced cataract, we observed that the induction of apoptosis
in cultured lens epithelial cells appeared unrelated to inhibition
of cholesterol synthesis (4). In addition, because U18666A was
shown to intercalate into lens lipid membranes and alter their
structure, we hypothesized that the toxic actions of U18666A
were due to direct perturbation of membrane structure. To fur-
ther test this possibility in the current study, we compared the
capacity of U18666A and its enantiomer (ent-U18666A) to in-
hibit sterol synthesis and induce apoptosis in cultured lens epi-
thelial cells. U18666A and ent-U18666A differ in configura-
tion at all stereocenters and are mirror images of one another
(Fig. 1). Because enantiomers have the same chemical and
physical properties, their effects on membrane structure should
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be identical (16). On the other hand, enantiomers should
demonstrate different actions on processes that are enantiose-
lective, such as binding to an enzyme’s active site (16). Thus,
if U18666A inhibition of sterol synthesis and induction of
apoptosis is due to interaction with specific proteins, the capac-
ity of U18666A and ent-U18666A to cause these effects should
markedly differ. Identical capacities would argue in favor of a
more general mechanism, such as drug-induced changes in
membrane structure. To conduct this study, we developed a
method to synthesize the enantiomer of U18666A. This organic
synthesis and the proof of structure are described.

MATERIALS AND METHODS

Synthesis of the ent-U18666A. The ent-U18666A was prepared
by the same literature method used to prepare U18666A except
that ent-dehydroepiandrosterone was used instead of dehy-
droepiandrosterone (17). A mixture of ent-dehydroepiandros-
terone acetate (460 mg, 1.39 mmol) prepared according to the
literature (18), ethylene glycol (1 mL), and p-toluenesulfonic
acid (50 mg) in benzene (100 mL) was heated at reflux in a
Dean–Stark distillation apparatus for 16 h. The reaction was
cooled. The reaction mixture was made basic by adding a few
drops of aqueous NaHCO3 and stirred for a few minutes. Ethyl
acetate (150 mL) was added, and the biphasic mixture was
transferred to a separatory funnel and washed with aqueous sat-
urated NaHCO3 (3 × 100 mL), dried (anhydrous sodium sul-
fate), and concentrated to give a white solid, (500 mg). A mix-
ture of the crude 17-ketal product (500 mg), methanolic KOH
(85%, 200 mg dissolved in 25 mL), and THF (10 mL) was
stirred at room temperature for 16 h to remove the 3-acetate

group. The solvents were removed to give a white solid that
was partitioned between methylene chloride (100 mL) and
water (100 mL). The methylene chloride layer was separated,
and the aqueous layer was extracted with methylene chloride
(40 mL × 3). The combined methylene chloride extracts were
dried and concentrated to give the 17-ketal/3-alcohol as a col-
orless solid (290 mg, 63%) that was used in the next step with-
out any further purification.

To a cold (0°C) solution of the 17-ketal/3-alcohol (280 mg,
0.84 mmol) in toluene (5 mL) was added 2.5 M butyl lithium
in hexanes (0.37 mL, 0.92 mmol), and the resulting mixture
was stirred at 0°C for 15 min. To that solution was added
chloroethyldiethylamine (342 mg, 2.52 mmol, prepared by
neutralization of the hydrochloride salt purchased from Aldrich
Chemical Co., Milwaukee, WI) in toluene (2 mL), and the mix-
ture was heated at reflux for 40 h under a nitrogen atmosphere.
The reaction mixture was cooled, diethyl ether (200 mL) was
added, and the organic layer was extracted with aqueous 1 N
HCl (50 mL × 4). The organic layer was discarded. The com-
bined aqueous extracts were further extracted with methylene
chloride (50 mL × 4). The combined methylene chloride ex-
tracts were dried and concentrated to yield an oil, which was
dried under high vacuum for 16 h. This material was purified
by flash chromatography on 32–63 µm silica gel (Scientific
Adsorbents, Atlanta, GA) using 10–25% methanol in ethyl ac-
etate as eluents to give a solid. Ethereal HCl (5 mL, which was
prepared by bubbling dry HCl into the cold ether solution) was
added into a solution of the above-obtained solid (~200 mg) in
anhydrous methylene chloride (6 mL), and the mixture was
stirred for a few minutes. The solvents then were removed by
distillation on a water bath to give an off-white solid. This ma-
terial was dissolved in methanol to which was added 200 mg
of decolorizing charcoal, and the resulting suspension was
swirled at room temperature, then filtered through a J.T.Baker,
Inc. (Phillipsburg. NJ) 6 mL Octadecyl (C18) disposable extrac-
tion column (cat. # 7020-06). The filtrate was concentrated to
give an off-white solid (180 mg, 51%) m.p. 200–202°C, [α]D =
−24 (methanol, c = 0.20); 13C NMR (CDCl3) δ 220.99, 140.17,
121.44, 79.55, 62.47, 51.64, 51.21, 50.10, 47.45, 47.28 (2 × C),
38.70, 36.82 (2 × C), 35.77, 31.39, 31.34, 30.69, 28.06, 21.80,
20.78, 19.32, 13.48, 8.65 (2 × C). 1H NMR (CDCl3) δ 5.37
(1H, b s), 3.99 (2H, b s), 3.22 (b s, 7H), 2.60–0.90 (m, 19H),
1.42 (t, 6H, J = 7.1 Hz), 1.02 (s, 3H), 0.89 (s, 3H). Analysis cal-
culated for C25H42ClNO2: C, 70.81; H, 9.98; N, 3.30. Found:
C, 70.60; H, 9.70; N, 3.34.

U18666A, prepared by the same procedure, had a m.p. of
196–199°C, identical 1H and 13C NMR spectra, and [α]D =
+18.6 (methanol, c = 0.20). The reported literature values (17)
for the m.p. and optical rotation of U18666A are 197–201°C
and [α]D = +17 (methanol).

Cell culture and measurement of sterol synthesis. Routine
chemicals and reagents were from Sigma Chemical Co. (St.
Louis, MO). Bovine lenses were obtained from cattle slaugh-
tered for human food by local abattoirs. Bovine lens epithelial
cells (BLEC) were cultured in 60-mm (diameter) dishes in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10%
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FIG. 1. (A) 2-D structures of the nonprotonated amine forms of
U18666A {3β-[2-(diethylamino) ethoxy]androst-5-en-17-one} and the
enantiomer of U18666A (ent-U18666A). (B) 3-D models of the two
enantiomers (hydrogens not shown). Notice that the 3-substituent has
the equatorial configuration in both enantiomers (see text for additional
details). (C) An edge and top view of the superimposed enantiomers.
The ent-U18666A has been turned upside down and the carbon atoms
of the steroid A-rings have been superimposed. 



calf serum as previously described in detail (19). Dishes of
BLEC near confluence (about 1.3 × 106 cells and 1.0 mg pro-
tein/dish) were washed twice in serum-free DMEM and then
incubated for 4 h at 37°C in 2.5 mL of serum-free DMEM con-
taining 5.7 µCi/mL of sodium 1-14C-acetate (56.5 mCi/mmol;
PerkinElmer, Boston, MA). Media contained no compounds
(controls) or U18666A or ent-U18666A at 0.1 or 1.0 µM,
added in ethanol. The concentration of ethanol in all media was
0.14%. Simvastatin acid at 10 µM was examined as a positive
control, i.e., an established inhibitor of HMG CoA reductase
that should almost completely block the cholesterol synthesis
pathway at this concentration. The magnitude of the 14C-ace-
tate incorporation into lens cell sterols may have been de-
creased due to adding the compounds in a metabolizable sol-
vent vehicle, ethanol. However, since all incubations contained
the same concentration of ethanol (0.14%, vol/vol), the relative
effects of the compounds should be independent of a possible
solvent effect.

Recovery of radiolabed sterols. Following incubation, cell
layers were washed in ice cold PBS and PBS containing 15
mM sodium acetate and then dissolved in 1.6 mL of 1.0 M
KOH, which was transferred to preweighed 125-mm screw-
capped test tubes containing 100 µg of cholesterol added as
carrier. The volume of KOH solution in each tube was deter-
mined by weighing and 40 µL was taken for protein assay. The
mass of protein per tube (dish) was calculated. One milliliter of
ethanol was added to each tube, the tubes were capped, and the
samples saponified at 100°C for 1 h. Water (0.5 mL) was
added, and the nonsaponifiable (NS) lipids were extracted into
hexane (twice with 6 mL). The pooled hexane extracts were
evaporated and the lipids separated by TLC on silica gel G
plates using a solvent of hexane/diethyl ether/glacial acetic acid
(73:25:2, by vol). The air-dried plates were briefly exposed to
iodine vapor to locate the cholesterol (sterol) band. The Rf was
about 0.25. The sterol band was recovered by scraping and
transferred to a 20-mL scintillation counting vial. After adding
1.0 mL of methanol and 15 mL of scintillation solution, the
dpm per sample were measured to generally 1% counting error.
Results were expressed as dpm × 10−3 incorporated into sterols
per mg of protein. Results were expressed as means of repli-
cate dishes ± SEM, and differences from controls were statisti-
cally evaluated by the unpaired Student’s t-test. We did not ex-
amine the media for labeled sterols potentially released from
the cultured cells but assume that any release would have been
proportional to that synthesized.

Apoptosis in lens epithelial cells treated with U18666A or
ent-U19666A. BLEC grown to subconfluence on well-slides
were incubated with either no inhibitors (controls) or 40 to 200
nM U18666A or ent-U18666A for 48 h at 37°C in an atmos-
phere of 6% carbon dioxide. Slides were washed twice with
PBS and fixed for 25 min in 10% buffered formalin. Apoptosis
was detected using the DeadEnd Colorimetric Apoptosis De-
tection System (Promega, Madison, WI) as done before (4).
Briefly, cells were permeablized by exposure to Triton X-100,
and biotinylated nucleotides were incorporated into the 3′OH
ends of the DNA using terminal deoxynucleotidyl transferase.

Horseradish peroxidase-labeled streptavidin was then bound to
the biotinylated nucleotides, and color development was de-
tected using the substrate diaminobenzidine plus hydrogen per-
oxide. Positive control slides were exposed to DNase I to in-
duce apoptosis. 

RESULTS AND DISCUSSION

Comparison of the structure of U18666A and ent-U18666A. At
first glance, the 2-D drawings of Figure 1A convey the impres-
sion that changing the configuration of the oxygen atom at-
tached to C-3 changes an equatorial 3β-substituent to an axial
3α-substitutent. While it is true that the substituent is 3α, it is
not true that the substituent has the axial configuration. Instead,
the substituent remains in an equatorial configuration (see Fig.
1B). This results from the fact that the remaining chiral centers
in the molecule (C-8, C-9, C-10, C-13, and C-14, i.e., the car-
bons at the ring fusions) are also inverted, thereby flipping the
ring conformations in the molecule and placing the 3α-sub-
stituent back in an equatorial configuration. The inverted chair
conformations for the steroid A ring are readily apparent in Fig-
ure 1B. 

In Figure 1C, the A rings of U18666A and ent-U18666A
have been superimposed to emphasize similarities and differ-
ences in the shapes of the enantiomers. The 3-substituents,
steroid A and C rings, the 18- and 19-methyl groups, and the
17-keto groups can be placed in identical or nearly identical
positions in 3-D space when the molecules are compared in this
way. However, the steroid B rings, and the double bond con-
tained therein, as well as the steroid D rings, lie in different po-
sitions. The different positions of these rings would form a
steric basis for chiral discrimination by an enzyme if the mole-
cules were aligned in this manner in the active site. However,
the way that U18666A and ent-U18666A might be bound in
the OSC active site is unknown, and it remains possible that
each enantiomer might bind in a very different orientation to
inhibit OCS activity.

Comparison of inhibition of sterol synthesis by U18666A
and ent-U18666A. Sterols were separated by TLC from the NS
fraction of BLEC incubated with 1-14C-acetate. The sterol band
would contain cholesterol and precursor sterols such as
desmosterol and 7-dehydrocholesterol (11). Exposure of cells
to 10 µM simvastatin acid decreased incorporation of 14C-ace-
tate into sterols by more than 98% (Table 1). Sterol synthesis
by cells exposed to either 1 µM U18666A or ent-U18666A was
decreased by 88–89%. U18666A and ent-U18666A at 0.1 µM
similarly decreased sterol synthesis by 55–65% (Table 1). We
did not examine the media for labeled sterols potentially re-
leased from the cultured cells but assume that any released
would have been proportional to that synthesized. 

The results of these incorporation studies clearly show that
U18666A and ent-U18666A have essentially identical effects
on total sterol synthesis and presumably OSC. Although this
observation may suggest that the inhibition of OSC by
U18666A is not competitive, the mechanism of catalysis by
OSC and its interaction with inhibitors can be complex. Squa-
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lene-hopene cyclase (SHC) is the prokaryotic equivalent of eu-
karyotic OSC. Using X-ray diffraction analysis of recombinant
SHC, Lenhart et al. (20,21) demonstrated that SHC, and pre-
sumably OSC, is a monotopic membrane protein with a deep
hydrophobic pocket that extends from the protein surface to the
plasma membrane surface from which the enzyme extracts its
substrate. Kinetic analysis of OSC inhibition by Ro48-8071
(22) and similar compounds suggested noncompetitive or
mixed noncompetitive mechanisms (20,21); however, binding
of the inhibitors at the active site favors competitive inhibition.
The inhibitors examined contained a tertiary amine cationic
group at one end of the molecule and a ketone carbon separated
from the amine by a hydrophobic domain at the other end of
the molecule, as in U18666A and ent-U18666A. The inhibitor
compounds insert into the active site cavity with the tertiary
amine near the surface located close to Asp376, and the ketone
carbon toward the membrane interface is near Phe601 and
Phe606. The apparent paradox of noncompetitive inhibition ki-
netics and the OSC inhibitors binding at the active site is ex-
plained by “the inhibitors (being) kinetically captured in the se-
questered cavity, feigning a noncompetitive case” (21). 

Although we cannot exclude the possibility that U18666A
and ent-U18666A could inhibit OSC equally well by binding
in the active site of this enzyme, more generalized mechanisms
of inhibition are also suggested by our results. Either inhibition
resulting from perturbation of the microenvironment of the en-
zyme secondary to U18666A intercalation into membrane (4)
or nonenantioselective binding of the inhibitor to sites other
than the active site of the enzyme is a reasonable possibility.
These more generalized mechanisms of inhibition may explain
the capacity of U18666A to inhibit multiple endoplasmic late-
stage enzymes of cholesterol biosynthesis (OSC, SI, and
desmosterol reductase). 

Comparison of induction of apoptosis by U18666A and ent-
U18666A. U18666A and ent-U18666A both induced apoptosis
in cultured BLEC in a highly concentration-dependent manner
(Fig. 2). Neither induced apoptosis at 40 nM, but both did at 100
and 200 nM. At the lower concentrations (30–40 nM), U18666A
can block proliferation of cultured BLEC due to inhibition of
cholesterol synthesis, because adding cholesterol to the choles-
terol-free media restored proliferation (4). However, adding cho-
lesterol could not overcome the inhibition of cell proliferation or
apoptosis caused by higher levels (100–200 nM) of U18666A

(4) (Fig. 2). These observations suggest that the induction of
apoptosis in BLEC by U18666A and ent-U18666A is indepen-
dent of cellular cholesterol levels. But Cheung et al. (8) reported
that induction of apoptosis in cultured mouse neurons was re-
lated to accumulation of toxic levels of free cholesterol in
U18666A-treated cells. The difference between the two sets of
findings could be related to differences in the response of cell
types to U18666A. Neither elevation of free cholesterol nor in-
duction of significant apoptosis was seen in the neurons exposed
to 236 nM U18666A (0.1 µg/mL media) (8), a concentration that
was clearly apoptotic in the cultured lens epithelial cells. It is
well documented that the sensitivity to induction of apoptosis by
specific agents can greatly differ from one cell type to another
(23). In fact, Cheung et al. (8) stated that U18666A did not in-
duce apoptosis in other neuronal cell lines. 

Although it appears unlikely that the apoptosis induced by
U18666A and ent-U18666A in lens epithelial cells at the con-
centrations studied was due to raising intracellular cholesterol
levels, the mechanism is unknown. Lovastatin, an inhibitor of
the rate-limiting enzyme (HMG-CoA reductase) in the choles-
terol synthesis pathway, can induce apoptosis in various tumor
cell lines (24,25). The apoptosis was prevented by providing
cells with geranylgeranyl pyrophosphate, an isoprene with anti-
inflammatory roles formed prior to squalene, but not by pro-
viding squalene, sterol precursors of cholesterol, or cholesterol
(25). U18666A does not appear to inhibit isoprene formation
(26). The turnover of HMG-CoA reductase by proteolysis in
BLEC is dependent on isoprene formation, and when HMG-
CoA reductase is inhibited by lovastatin the half-life of this en-
zyme is prolonged by 10-fold (26). When mevalonic acid and
U18666A were added to the lovastatin-exposed cells, the short
half-life was restored. In light of these observations, it seems
possible that the apoptotic activity of U18666A is unrelated to
inhibition of the cholesterol synthesis pathway, i.e., it is inde-
pendent of isoprene or cholesterol. The equivalent apoptotic
activity of U18666A and ent-U18666A also argues against
these molecules interacting with a specific apoptotic signaling
protein. Rather, a more generalized mechanism of apoptosis
dependent on the equal physical properties of the molecules is
suggested. Radiolabeled U18666A became highly associated
with mitochondria and membrane fractions when injected into
rats (27). Mitochondrial destabilization precedes caspase acti-
vation in some types of apoptosis (28). Induction of apoptosis
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TABLE 1  
Incorporation of 14C-Acetate into Sterols by Cultured Bovine Lens Epithelial Cells

Sample n dishes µM dpm × 10−3/mg proteina P(t) from control

Control 9 — 182.1 ± 9.8 —
Simvastatin acid 3 10.0 1.0 ± 0.1 <0.0001
U18666A 4 0.1 63.8 ± 7.0 <0.0001
U18666A 4 1.0 19.2 ± 0.2 <0.0001  
Ent-U18666A 4 0.1 79.3 ± 9.1 <0.0001  
Ent-U18666A 4 1.0 21.7 ± 1.8 <0.0001  
aValues are mean incorporation by n dishes ± SEM. U18666A, 3β-[2-(diethylamino)ethoxy]androst-
5-en-17-one.



in cultured hepatocytes by hydrophobic bile salts was related
to direct perturbation of mitochondrial structure as reflected by
increased membrane lipid order (29). Such a mechanism might

explain the induction of apoptosis by U18666A and ent-
U18666A. Additionally, U18666A intercalated into lens mem-
branes increased lipid order (4). 
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FIG. 2. Apoptosis in cultured bovine lens epithelial cells caused by U18666A and ent-
U18666A. Bovine lens epithelial cells were cultured in Dulbecco’s modified Eagle’s medium
plus 10% calf serum containing 40 (C), 100 (E), or 200 nM (G) of U18666A or 40 (D), 100 (F),
or 200 nM (H) of ent-U18666A. Control (A) contained neither compound. Positive control (B)
is a cell layer exposed to DNase I to induce DNA fragmentation. The arrows displayed in pan-
els E, F, G, and H identify cells positive for DNA fragmentation as evaluated by the TUNEL
assay. For full chemical name see Figure 1.
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ABSTRACT: FA amide glycosides are of great interest, espe-
cially for the medicinal and pharmaceutical industries. These bi-
ologically active natural surfactants are good prospects for future
chemical preparation of compounds useful as antibiotics, anti-
cancer agents, or for industry. More than 200 unusual and inter-
esting natural surfactants, including their chemical structures and
biological activities, are described in this review article.

Paper no. L9744 in Lipids 40, 641–660 (July 2005).

Fatty (carboxylic) acid amides, their analogs and derivatives are
widespread in nature, although the occurrence of their glycosides
is more limited (2). They are incorporated into ceramides (3),
glycosphingolipids (4,5), gangliosides (6,7), N-acylated lipids
(8), bacterial lipoproteins (9), and other natural complex com-
pounds. The best known FA amides, such as anandamide,
oleamide, N-arachidonoyldopamine, and N-acylethanolamines,
as well as aminoglycosides have a high biological activity. They
and primary amines attracted attention as bioregulators for the
first time in 1957 when Meisinger and co-workers (10) demon-
strated that N-palmitoylethanolamine is an anti-inflammatory
factor contained in the lipid fraction of soybean, peanut oil, and
egg yolk. More interest in FA amides with primary amines was
associated with the discovery of potent neuromodulatory effects
of natural N-arachidonyl-ethanolamide (anandamide) (11) and
oleoylamine (oleamide) (12).

Anandamide has attracted special interest because of its
marked biological activities (11). Like the pharmacologically
active compounds in marijuana (from Cannabis sativa), it ex-
erts its effects through binding to and activation of specific
cannabinoid receptors, designated CB1 and CB2, both of
which are membrane-bound G-proteins. CB1 is found in the
central nervous system and in some other organs, including the
heart, uterus, testis, and small intestine, whereas the CB2 re-
ceptor is found in the periphery of the spleen and other cells as-

sociated with immunochemical functions, but not in brain (13).
Recently, it has been shown that anandamide and presumably
other polyunsaturated N-acylethanolamines bind to and acti-
vate both the central (CB1) and peripheral (CB2) cannabinoid
receptors and elicit virtually all of the known effects of
cannabis. Anandamide is believed to have important anti-in-
flammatory and anticarcinogenic properties, and it affects the
cardiovascular system by inducing profound decreases in blood
pressure and heart rate (14).

cis-9,10-Octadecenamide is a primary FA amide. It was first
isolated from the cerebrospinal fluid of sleep-deprived cats, and
has been characterized and identified as the signaling molecule re-
sponsible for causing sleep. It induces physiological sleep when
injected directly into the brain of rats. Although other FA primary
amides in addition to cis-9,10-octadecenamide are present natu-
rally in the cerebrospinal fluid of animals, no others exhibit similar
physiological activity (15). The biological effects of the other fatty
acyl-ethanolamine derivatives are less clear, although they are by
far the most abundant components of this lipid class.

FA amide glycosides such as ceramides, gangliosides, amino-
glycosides, their analogs and derivatives also show high biologi-
cal activity (3–7,16–18). FA (carboxylic) amides are produced
synthetically in industry in large amounts (more than 400,000
tons per annum) for use as ingredients of detergents, lubricants,
inks, and many other products (19–22). However, in this review
article, we are concerned with those as simple, complex of fatty
(carboxylic) acid amide glycosides, which are found in nature,
and some of which have profound biological functions.

AMINOGLYCOSIDES AND DERIVATIVES

Since Florey and co-workers (23) reported in 1940 that peni-
cillin, a microbial product, is active against pathogenic mi-
croorganisms, many investigations have focused on the screen-
ing of natural compounds with antibiotic properties (24). A
great number of antibiotics, termed aminoglycosides, have
been discovered from cultures of bacteria and actinomycetes
such as Bacillus, Nocardia, Micromonospora, and Strepto-
myces. The aminoglycoside antibiotics show broad spectra
against both Gram-positive and Gram-negative bacteria. The
term ”aminoglycoside” refers to their structural aspects. These
compounds are a large and diverse class of antibiotics that char-
acteristically contain two or more aminosugars linked by gly-
cosidic bonds to an aminocyclitol component (24,25).

A few FA amide glycosides have been found. Amikacin 1
inhibits the growth of resistant bacteria producing APH(3′)-1
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(3′-aminoglycoside phosphotransferase) and AAD(2′) (2′-
amino acid decarboxylase). Amikacin 1 was biologically trans-
formed from kanamycin by a mutant of butirosin-producing
Bacillus circulans (26). Arbekacin 2 showed strong activity
against resistant bacteria including Pseudomonas. It was
launched into the clinical market in Japan in 1990 as a
chemotherapeutic agent for the treatment of infections caused
by methicillin-resistant Staphylococcus aureus (27). 2″-
Amino-2″-deoxyarbekacin 3 demonstrated potent activity
against S. aureus (28). Isepamicin 4 showed activity against re-
sistant bacteria with lower toxicity than gentamicin B and has
been useful in the clinical treatment of infection (24).

Fortimicins A 5 and B are bicyclic aminoglycoside antibi-
otics that contain a fortamine moiety instead of the deoxystrep-
tamine; both are produced by strain Micromonospora sp. MK-
7 (29,30), and fortimicin A also is produced by M. olivoast-
erospora KY 1151 (31). Fortimicin A showed excellent
activity against 352 strains of Enterobacteriaceae (a concentra-
tion of  6.2 µg/mL inhibited the greatest number of strains,
92.6%) and other medically significant organisms, and weak
activity against Pseudomonas aeruginosa strains (32,33). The
marine bacterium Streptomyces tenjimariensis produced the
antibiotics istamycin A 6 and B 7 under select laboratory cul-
ture conditions (34). Butirosin A 8 and B 9, which are amino-
glycosidic antibiotics produced by a mutant of Bacillus circu-
lans, showed antibacterial activity in vitro in mice (35,36).

Simple amides of uronic acids 10–12 were isolated by mild
acid degradation of the lipopolysaccharides of the marine bac-
terium Shewanella fidelis type strain KMM 3582T (37). Origi-
nally, this bacterial strain was isolated from a sipunculan
(Phascolosoma japonicum), a common inhabitant of Troitsa
Bay in the Gulf of Peter the Great (Sea of Japan, Russia) (38).
Mycothiol 13 has been identified from the bacterial pathogen
Mycobacterium tuberculosis and M. bovis (39).

NUCLEOSIDE FATTY AMIDE GLYCOSIDES

Nucleosides are glycosylamines made by attaching a nucle-
obase to a ribose ring. Examples of these include cytidine, uri-
dine, adenoside, guanosine, thymidine, and inosine. Nucleo-
sides can be acylated and/or phosphorylated by specific kinases
in the cell, producing bioactive compounds that are the molec-
ular building blocks of DNA and RNA (40).

Many nucleosides are categorized as antibiotics and have
nonspecific antibacterial activities (41–43). Three classes of
nucleotide antibiotics are targeted against translocase I. The
first class is represented by tunicamycin, which was identi-
fied from the fermentation broth of Streptomyces lysosuperfi-
cus nov. as having antiviral activity (44–46). Series of nucle-
oside fatty amide glycosides named tunicamycins I–X,
14–23, respectively, containing uracil, have been isolated
from S. lysosuperficus nov. (44–46). Tunicamycins showed
antibacterial activities against Gram-positive bacteria, espe-
cially those of the genus Bacillus [minimal inhibitory concen-
tration of antibiotic that inhibits a bacterium (MIC), from 0.1
to 20 µg/mL). The related compounds of tunicamycins named
streptovirudins (series II) 24–28 (47–49), corynetoxins 29–42
(50,51), and streptovirudins (series I, where uracil is replaced
by dihydrouracil) 43–47 (52) have been isolated from Strep-
tomyces griseoflavus subsp. thuringiensis (47–49), and from
Corynebacterium rathayi (51), respectively. Streptovirudins
(series II) 24–28 have potent antibacterial activities against
the genus Bacillus (MIC, 0.31–10 µg/mL). All corynetoxins
29–42 exhibit toxicity against ryegrass (Lolium rigidum) (50).
Sheep were very sensitive to corynetoxins (the lethal dose
was about 35 µg/kg bodyweight) (53).
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FATTY AMIDE OLIGOSACCHARIDES

Among natural surfactants there are some groups of high-molec-
ular-mass bioemulsifiers, including amphipathic polysaccha-
rides, proteins, lipopolysaccharides, lipoproteins, and complex
mixtures of these biopolymers, that are more effective at stabi-
lizing oil-in-water emulsions than the low-molecular-mass
bioemulsifiers such as glycolipids, trehalose lipids, sophoro-

lipids, and rhamnolipids (2,54,55). Bioemulsifiers have several
advantages over chemical surfactants, such as (i) low toxicity,
(ii) biodegradability, (iii) high specificity and biocompatibility,
(iv) molecular masses ranging from 500 to 1,500 Da, (v) solubil-
ity and surface-active properties that are dependent on the orien-
tation of residues, and (vi) occurrence in a wide variety of mi-
croorganisms. These advantages should allow these compounds
to become important in industrial and environmental applica-
tions. The potential commercial applications of bioemulsifiers
include bioremediation of oil-polluted soil and water; enhanced
oil recovery; replacement of chlorinated solvents used in clean-
ing up oil-contaminated pipes, vessels, and machinery; use in the
detergent industry; formulations of herbicides and pesticides;
and formation of stable oil-in-water emulsions for the food and
cosmetic industries. 

Bacterial lipopolysaccharides are the major components of
the outer surface of Gram-negative bacteria (56). They are
often of interest in medicine for their immunomodulatory prop-
erties. In small amounts they can be beneficial, but in larger
amounts they may cause endotoxic shock. Although they share
a common architecture (see structures 48–53), their structural
details exert a strong influence on their activity. These mole-
cules comprise (i) a lipid moiety, called lipid A, which is con-
sidered to be the endotoxic component, (ii) a glycosidic part,
consisting of a core of approximately 10 monosaccharides, and
(iii) in “smooth-type” lipopolysaccharides, a third region,
named O-chain, consisting of repetitive subunits of one to eight
monosaccharides responsible for much of the immunospeci-
ficity of the bacterial cell.

The most common FA in lipid A have 10–16 carbon atoms
although longer chains exist, i.e., C18 FA in Helicobacter py-
lori lipid A, and C18 and C21 in Chlamydia trachomatis
(57–60). Hydroxylated FA are usually found in direct acylation
of the sugar except in a few cases (see below) where they ap-
pear in secondary acylation. Some Bordetella strains have un-
hydroxylated FA at the C-3 position (61). In Chlamydia lipid
A, hydroxylated FA occur  only as amide-linked substituents
whereas positions C-3 and C-3′ are both substituted by C14 FA
(62,63). Another kind of FA, which has been described for a
few species, is the 3-oxo FA, e.g., the 3-oxotetradecanoic acid
found in Rhodobacter capsulatus and the 27-oxooctacosanoic
and heptacosane-1,27-dioic acids found in Legionella pneu-
mophila (64,65). The number of acyl groups present in a mole-
cule has a direct effect on its toxicity: Six acyl groups consti-
tute the optimum for many isolated lipopolysaccharides. FA
chain length is also critical for lipid A toxicity since C12,
C12OH, C14, and C14OH FA are the moieties found in the most
toxic lipids A (66). Unsaturated FA are rarely present in lipid
A, but examples were found in Rhodopseudomonas
sphaeroides and other species of this genus as well as in
Rhodobacter capsulatus (67). Another kind of unusual FA,
with a methyl branch at Cn-1, is found in some Legionella and
Porphyromonas strains (68). Selected structures of lipid A iso-
lated from bacteria are 48 (Escherichia coli), 49 (Yersinia ente-
rocolitica, both species belonging to the Enterobacteriaceae;
50 isolated from Bordetella pertussis, 51 isolated from Neisse-
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ria meningitidis, 52 from Chlamydia trachomatis, and 53 from
Rhizobium etli (56).

GUANIDINE GLYCOSIDE DERIVATIVES

A large number of biologically active molecules, including
peptides, peptide mimetics, and guanidine-containing natural
compounds, possess a guanidine group as an important struc-
tural element (69). Guanidine-containing bioactive molecules,
particularly the analogs or derivatives of natural products, are
notable targets for drug design and discovery (70–73). Because
of the strongly basic character of the guanidine group, this
group is protonated under physiological conditions. As a result
of the positive charge thus imposed on the molecule, specific
interactions between ligand and receptor or enzyme and sub-
strate can be formed. With the current evolution in drug dis-
covery whereby combinatorial chemistry plays an increasingly
important role, the need for building blocks is rising as well
(69).

Erylusamines A–E 54–58 are interleukin (IL)-6 receptor
antagonists that were isolated from the Japanese sponge Ery-
lus placenta (74,75). The cytotoxic glycolipids erylusamine
TA 59, erylusine 60, and erylusidine 61, similar to ery-
lusamines, have been isolated from Red Sea sponge Erylus
cf. lendenfeldi (76). Pachymoside A 62 has been isolated from
crude extract of the North Sea marine sponge Pachymatisma
johnstonia (77).
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Streptothricins are a group of related basic antibiotics pro-
duced by a soil actinomycete (Streptomyces species) (78), and
they show antibacterial, antimicrobial, antiviral, antiphage, and
antifungal activities (79–81). Streptothricins F 63, E 64, D 65,
and C 66 have been isolated from Streptomyces noursei (78).
A new member of the streptothricin family of antibiotics, N-
methyl-streptothricin D 67, has been isolated from an unidenti-
fied Streptomyces strain (82). This compound has a broad range
of antimicrobial activity against fungi, Gram-positive and
Gram-negative bacteria. Three streptothricin derivatives A-
53930A 68, A-53930B 69, and A-53930C 70 (which was iden-
tical to streptothricin B) have been isolated from Streptomyces
vinausdrappus SANK-62394 (83). These compounds showed
inhibitory activity against N-type Ca2+ channels. Although A-
53930C had antimicrobial activity against Gram-negative and
Gram-positive bacteria and fungi, A-53930A and B showed
weak activity only against Gram-negative bacteria. Strep-
tothricins also are potent inhibitors of prokaryotic protein
biosynthesis, but they are not used therapeutically because of
their nephrotoxicity (84).

The nourseothricins 71–77 belong to the family of the strep-
tothricin antibiotics that are produced by various streptomycete
strains such as Streptomyces noursei (85). These compounds
are nucleoside peptides containing a carbamido-D-gulosamine
core, to which a poly-β-lysine chain and the unusual amino
acid streptolydine are attached in amide and N-glycosidic link-
ages, respectively. The various members of the group differ in
the length of their poly-β-lysine chains. Nourseothricin is cur-
rently being used under the name cloNAT (Werner Bioagents,
Germany), and is an effective selective agent for molecular
cloning technologies in fungi and plants (86–89).
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TETRAMIC ACID GLYCOSIDE DERIVATIVES

A culture of a marine strain of the fungus Epicoccum purpuras-
cens, isolated from the inner tissue of the jellyfish Aurelia au-
rita, produced a novel tetramic acid derivative, epicoccamide
78 (90). Ancorinosides A 79, B 80, C 81, and D 82, inhibitors
of membrane type 1 matrix metalloproteinase (MT1-MMP),
were identified from the marine sponge Penares sollasi (91).
Ancorinosides B–D inhibited MT1-MMP with IC50 values of
180–500 µg/mL.

Aurantosides A 83 and B 84, cytotoxic tetramic acid amine
glycosides, have been isolated from the marine sponge
Theonella sp. (92). The structures of these chlorinated metabo-
lites were elucidated by chemical and physical methods. Au-
rantoside C 85, which is lethal to brine shrimp, was found in
the sponge Homophymia conferta (93). Other aurantosides D
86, E 87 and F 88, which exhibit potent antifungal activity
against Aspergillus fumigatus and Candida albicans, were iso-
lated from the marine sponge Siliquariaspongia japonica (94).

Rubroside A 89, B 90, C 93, D 91, G 92, E 94, F 95, H 96,
and also hexadecahydrorubroside D 97, aurantoside A 98, and
aurantoside B 99 have also been found in Siliquariaspongia
japonica (95). The rubrosides induced numerous large intra-
cellular vacuoles in 3Y1 rat fibroblasts at concentrations of
0.5–1.0 µg/mL, and rubrosides A, C, D, and E were cytotoxic
against P388 murine leukemia cells with IC50 (concentration at
which growth or activity is inhibited by 50%) values of
0.046–0.21 µg/mL. Most rubrosides show antifungal activity
against Aspergillus fumigatus and Candida albicans.

Aurantosides G–I 100–102 have been isolated from the
lithistid sponge Theonella swinhoei from Papua New Guinea
(96). Compounds 100–102 represent new monochloropen-
taenoyl tetramic acids with mono-, di-, and tri-N-saccharide
substituents, respectively. Aurantosides G–I failed to show any
significant cytotoxicity against the human colon tumor cell line
HCT-116.
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CEREBROSIDES

Cerebrosides are a group of glycosphingolipids composed of a
hexose, a long-chain aminoalcohol (sphingoid), and an amide-
linked long-chain FA. Galactocerebrosides were first isolated
from brain tissue in the late 1800s (97). The “sphingosin” back-
bone of sphingolipids was so named by J.L.W. Thudichum in
1884 for its enigmatic (“Sphinx-like”) properties. These mam-
malian cerebrosides include a mix of saturated and monoenoic
n-alkyl and 2-hydroxy-FA, with sphingosine (4-trans-sphinge-
nine, a 1,3-dihydroxy-2-aminoalcohol) as the major sphingoid
(97). Over 30 years ago, glucocerebrosides were identified as a
minor (<1%) lipid class in plant tissues (98). Perhaps because
they constitute such a small portion of the total tissue lipids,
plant glucocerebrosides received little attention prior to the re-
cent finding (following development of the two-phase mem-
brane partitioning method) that they can represent a major frac-
tion of the total lipids in both the plasma membrane and tono-
plast (99–102). Several reports have also implicated
glucocerebrosides as playing a role in chilling injury (101) and
in acclimation to cold and water-deficit stress in different plant
species (99,103).

Many FA amides as well as their glycosides that have been
isolated from marine microorganisms and invertebrates show
high biological activity (104–106). Placosides A 103 and B 104
have been isolated from Bahamian sponge Plakortis simplex
(107). These compounds exhibit immunosuppressive proper-
ties. Glycosyl ceramides 105–110 have been isolated from ma-
rine sponges Agelas dispar (108), A. clathrodes (109), A.
conifera (110), and A. longissima (111,112). All the isolated
compounds were tested using the mixed leucocyte reaction
assay, and only 106, 107, and 110 were shown to be im-
munoactivating agents, suggesting a possible structure–activity
relationship. It was also reported that glycosyl ceramides iso-
lated from sponges belonging to the genus Agelas show antitu-
mor activity (108,109).

Another sponge species, Agelas mauritianus, from Okinawa
Island contained a series of glycosphingolipids termed agelas-
phins: AGL-10 111 and AGL-12 112 (two major components),
AGL-7A 113, AGL-7B (mixture), AGL-9A 114, AGL-9B 115,
AGL-11 116, and AGL-13 117 (113). Three glycosphin-
golipids, regulosides A-C 118–120, were obtained from ex-
tracts of the starfish Pentaceraster regulus (114), and two re-
lated compounds, temnosides A 121 and B 122, were isolated
from the sea urchin Temnopleurus toreumaticus; both speci-
mens were collected from the Mandapam coast of India (115).
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Six cerebrosides, acanthacerebrosides D–F 123–125 and
A–C 126–128, have been isolated from the starfish Acanthaster
planci (116,117), along with two ceramide lactosides, acantha-
lactosides A 131 and B 132 (118). Ophidiacerebrosides A–F
133–137, the cytotoxic cerebrosides, have been isolated from
the Mediterranean starfish Ophidiaster ophidiamus (119).
Cerebrosides CE-2b 138, CE-2c 139, and CE-2d 140 were
found in the sea cucumber Cucumaria echinata (120); and
cerebrosides PA-0–1 129, PA-0–5 130, PA-2–5 141, and PA-
2–6 142 were isolated from Pentacta austalis (121).

Axiceramides A 143 and B 144 were major components in
a marine sponge belonging to the genus Axinella (122). Cere-
broside 145, which inhibits histidine decarboxylase, has been
isolated from Chondropsis sp. (123). The ethanolic extract
from the stem bark of Dimocarpus fumatus showed in vitro cy-
totoxic activity against KB cells. Fractionation of the extract
gave compounds belonging to different classes, and one sphin-
golipid, soyacerebroside 146, two glycosides of sitosterol, and
FA were also identified (124).

A series of neurogenic cerebrosides, termitomycesphins A–F
147–152, have been isolated from the edible Chinese mushroom
Termitomyces albuminosus (125,126). The isolated cerebrosides
were shown to induce neuronal differentiation in rat PC12 cells.
The marine fungus Microsphaeropsis olivacea, obtained from a
sponge Agelus sp. (Florida), contains a cerebroside 153 (127).
Common plant cerebrosides 154–157, their structural diversity,
biosynthesis, and functions have recently been reviewed (128).
Also, a recent article reviewed the distribution, syntheses, and
biological activities of the cerebrosides (129).
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GANGLIOSIDES

Gangliosides are a family of glycosphingolipids containing one
or more N-acetyl-neuraminic acid (sialic acid) residues in their
structure. They are found in the plasma membrane of eukary-
otic cells and confer a net negative charge on most animal cells.
Localized mainly on the outer surface of cells, they are in-
volved in various cellular functions including growth, differen-
tiation, cell-to-cell interactions, and signal transduction (130).
Gangliosides are also antigenic and participate in the pathogen-
esis of certain autoimmune diseases (131,132). The expression
of gangliosides is tissue- and cell-specific and also develop-
ment- and stage-specific. The species of animals is another de-
terminant for ganglioside expression. Thus, it is suggested that
gangliosides may carry a specific function(s) in a certain cell
type of individual animal species (133).

The biological significance of the phylogenetic patterns of
lenticular gangliosides is not known. Regarding brain ganglio-
sides, it has been claimed that their remarkable changes in com-
position and concentration may be required for the develop-
ment of brain structure and function and environmental adap-
tation during evolution (134–136). Lenticular gangliosides may
perform specific function(s) in the formation and function of
eye lenses (137).

According to the National Library of Medicine (Bethesda,
MD), more than 11,000 original and review articles have been
published on gangliosides since 1950. The structures of more
than 500 gangliosides isolated from animals, invertebrates, and
microorganisms have been elucidated, and many novel biolog-
ically active gangliosides were synthesized. This review article
will cover the structures of only some novel gangliosides that
were isolated from natural sources.

Two new ganglioside molecular species, named acanthagan-
glioside I 158 and acanthaganglioside J 159, have been isolated
from the whole body of the crown-of-thorns starfish Acan-
thaster planci (138). The N-acyl groups on residue are C22:0
and C24:0 FA, whereas the fatty alcohol is straight (C16:0) in
both gangliosides. Two monomethylated GM3-type ganglio-
side molecular species, 160 and 161, have been obtained from
the polar lipid fraction of the chloroform/methanol extract of
the starfish Luidia maculata (139). The ceramide moieties were
composed of heterogeneous unsubstituted FA, 2-hydroxy FA,
sphingosine, and phytosphingosine units. Compound 160, des-
ignated as LMG-3, represented a new ganglioside molecular
species, and compound 161 was a known ganglioside species.

Three ganglioside molecular species, SCG-1 162, SCG-2
163, and SCG-3 164, were obtained from the lipid fraction of
the sea cucumber Stichopus chloronotus (140). The ceramide
moieties were composed of heterogeneous long-chain base and
FA units. SCG-3 is the first type of ganglioside shown to con-
tain a fucopyranose in the sialosyl trisaccharide moiety. More-
over, these three gangliosides exhibited neuritogenic activity
toward the rat pheochromocytoma PC12 cells in the presence
of nerve growth factor. The proportions of the neurite-bearing
cells of SCG-1, SCG-2, and SCG-3 at a concentration of 3.3
mg/mL were 34.1, 24.4, and 24.5%, respectively. These effects
were compared with that of the mammalian ganglioside GM1
(22.1% at a concentration of 3.3 mg/mL). Gangliosides with
the same sugar moiety as that of SCG-1 have been identified
from some marine invertebrates: Cucumaria japonica (141),
Holothuria atra, Telenota ananas (142), Stichopus japonicus
(143), Holothuria leucospilota (144), Ophiura sarsi (145),
Ophiocoma echinata, Ophiomastix annulosa (146), Ophio-
coma scolopendrina (147), and Anthocidaris crassispina (148).
SCG-1 differs from them in the structure of the ceramide moi-
ety. Gangliosides with the same sugar moiety as that of the
major component of SCG-2 also have been obtained from O.
sarsi (145), O. scolopendrina (147), and Hemicentrotus pul-
cherrimus (149), although the major component of SCG-2 is
different from them in the ceramide structure. 
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On the other hand, to the best of our knowledge, SCG-3 is a
new ganglioside with a unique sialosyl trisaccharide moiety,
164. The major species of gangliosides 165–167 were isolated
from the Japanese sea cucumber Stichopus chloronotus (140).
All three species displayed neuritogenic activity against PC12
cells in the presence of nerve growth factor. Structurally more
complex ganglioside molecular species SJG-2 168–170, iso-
lated from a Japanese collection of S. japonicus, also exhibited
neuritogenic activity.

MACROLACTONE FATTY AMIDE GLYCOSIDES

Vicenistatin 171 is an antitumor antibiotic produced by Strep-
tomyces halstedii HC-34. Its structure is unique in that it com-
prises a 20-membered lactam aglycon having an aminosugar
vicenisamine. Its biological activity is also intriguing since an-
titumor activity has been particularly shown against
xenographed models of certain human colon cancers. 171 and
172 have been isolated as minor congeners of vicenistatin 171
in the culture filtrate of the producing microorganism, and
named as vicenistatin M 172, because the minor congener is
substituted by D-mycarose in place of vicenisamine of 171
(150,151). A novel ansamitocin amide N-glycoside, N-
demethyl-N-β-D-glucopyranosyl ansamitocin P-2, named
ansamitocinoside P-2 173, was isolated from Actinosynnema
pretiosum (152).
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Fluvirucins A1 174, A2 175, B1 176, B2 177, and B3 178 are
macrolactam antibiotics produced by the actinomycete Microtet-
raspora tyrrhenii sp. nov. (Actinomadura pusilla group) strains
Q464-31, L407-5, R-359-5, and R516-16 (153,154). All isolated
compounds are active against the influenza A virus; B1 176 is
also active against Candida sp. (MIC, 0.91 µg/mL), and dermato-
phytes (MIC > 80.6 µg/mL) (154). Fluvirucin B2 177 from the
culture broth of Streptomyces inhibited PI-specific phospholipase
C in cultured A431 cell cytosol with an IC50 of 1.6 µg/mL (155).

Semisynthetically produced 3-keto-substituted macrolide an-
tibiotics (ketolides) 179 and 180 were compared for concentra-
tion-dependent inhibitory effects on growth rate, viable cell num-
bers, and protein synthesis rates in Staphylococcus aureus cells.
Inhibitory effects on 50S ribosomal subunit formation were also
examined, as this is a second target for these antibiotics. A con-
centration range of 0.01–0.1 µg/mL was tested. Compound 179
was the most effective from tested compounds with an IC50 =
0.035 mg/mL. Telithromycin 180 had an IC50 of 0.08 mg/mL
(156). The authors concluded that these results indicate specific
structural features of these antimicrobial agents contribute to de-
fined inhibitory activities against susceptible organisms.

MISCELLANEOUS COMPOUNDS

A series of biologically active chlorinated metabolites that
are derivatives of 7-methoxytetradec-4-enoic acid are pro-
duced by marine cyanobacteria belonging to the genus Lyng-
bia and by some marine invertebrates. The malyngamides,
which are present in extracts of L. majuscula, consist typi-
cally of a FA side chain and a polar head group containing
the unusual vinyl chloride functionality. The first malyn-
gamide was isolated by Moore and co-workers in 1979 from
Hawaiian L. majuscula (157). The (non-chlorine-containing)
FA amide glycoside malyngamide J 181 isolated from Cu-
raçao collections of Lyngbia majuscula (158) was toxic to
both brine shrimp (LC50 18 µg/mL) and fish (goldfish LC50
40 µg/mL)  (158). Malyngamide A 182 was found in a
methanolic extract of L. majuscula (157) and isolated from
the sea hare Stylocheilus longicauda (159). The sea hares
(Opisthobranchia, Anaspidea) generally consume seaweeds
that are chemically rich in secondary metabolites and con-
centrate these secondary metabolites in their digestive
glands. The lipid extract of a Madagascan L. majuscula
yielded malyngamides Q 183 and R 184 (160). Malyngamide
R 184 was modestly toxic to brine shrimp (LD50 18 µg/mL).
Isomalyngamides A (isomer 182) and B 185 and the isomer
of the latter, 186, were isolated from L. majuscula collected
from Hawaiian waters (161).

Three novel lipid nucleoside antibiotics named li-
posidomycins A 187, B 188, and C 189, produced by Strepto-
myces griseosporeus, strongly inhibit bacterial peptidoglycan
synthesis (162). The structure of the FA component of li-
posidomycin A 187 was a 3-hydroxy-7,10-hexadecadienoic
acid, not previously found in nature.
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Simocyclinones are novel natural hybrid antibiotics isolated
from the fermentation broth of Streptomyces antibioticus Tü
6040 that combine structural elements from various groups of
known antibiotics such as aquayamycin, fumagillin, and novo-
biocin (163,164). So far, 14 different angucyclinone antibiotics
have been isolated and classified in four series, A–D. The simo-
cyclinones of the A-series consist solely of an angucycline ring.
The components of series B are glycosylated. Compounds of the
C-series have a tetraene side-chain, and those of the D-series
190–193 also have a coumarin ring system. A novel family of
angucyclinone antibiotics demonstrated antibiotic activity
against Gram-positive bacteria, as well as cytostatic effects
against human tumor cell lines and antibacterial and antitumor
activities (163–167). The 3-amino-4,7-dihydroxy-coumarin moi-
ety is also found in the antibiotics novobiocin 194, clorobiocin
195, and coumermycin A1 196, which are very potent inhibitors
of DNA gyrase (168). The aminocoumarin ring is of central im-
portance for the binding of these compounds to the B subunit of
gyrase (169–171). Recent experiments have suggested that simo-
cyclinone D8 193 is even more potent as a DNA gyrase inhibitor
than novobiocin (171). The aminocoumarin antibiotics novo-
biocin 194, clorobiocin 195, and coumermycin A1 196 are pro-
duced by different Streptomyces strains.

Ten different derivatives of glycine-containing glycolipids
197–206 have been isolated from a Gram-negative, biosurfac-
tant-producing, n-alkane-degrading marine bacterium Al-
canivorax borkumensis (172). This Gram-negative, aerobic,
rod-shaped bacterium uses a limited number of organic com-
pounds, including aliphatic hydrocarbons, volatile FA, and
pyruvate and its methyl ether. During cultivation on n-alkanes
as sole source of carbon and energy, all strains produced both
extracellular and cell-bound surface-active glucose lipids
197–206 (173). This novel class of glucolipids was produced
only by these strains, which were isolated from sediment sam-
ples collected near the Isle of Borkum (North Sea). The mixed
active biosurfactants produced are characterized as glucose
lipids, one of which consists of four 3-hydroxydecanoic acids
linked together by ester bonds and coupled glycosidically with
the C-1 of glucose. Other FA were found, namely, 16:0, 16:1,
and 18:1, in the phospholipid fraction (173).
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The bengamides 207–225, isolated from marine sponges
belonging to the genus Jaspidae, comprise a large family of
natural metabolites. In 1986, a group from the University of
California–Santa Cruz reported the first examples of this class,
(+) bengamide A 207 and (+) B 208, as an easily separable
mixture from a small sponge collection, subsequently identi-
fied as Jaspis cf. coriacea (Family Coppatiidae, Order Choris-
tida) (174). These compounds display a wide and interesting
range of biological activities, including antitumor, antibiotic,
and antihelmintic properties. Bengamides A 207 and B 208
were more potent than bengamide P, with average IC50 values
of 0.046, 0.011, and 2.70 fM, respectively (175). The in vitro
antitumor activity against MDA-MB-435 human mammary
carcinoma was also determined for natural bengamides A, B,
E, F, P, M, O, and Z and for synthetic samples of B and O. The
best activity was observed for the natural bengamides A (IC50
= 1 nM) and O (IC50 = 0.3 nM) (175).

Pathogenic strains of the soilborne fungus Periconia circi-
nata produce peritoxins 227–231 with host-selective toxicity
against susceptible genotypes of sorghum at concentrations as
low as 1.0 ng/mL (176,177). The peritoxins are low-M.W. hy-
brid molecules consisting of a peptide and a chlorinated
polyketide 228–231. Peritoxins A 228 and B 229 and peri-
conins A 230 and B 231 have been isolated together with the
known metabolite circinatin 226 from culture filtrates of the
fungal pathogen P. circinata.

Several unusual α-glucosidase inhibitors 232–237 containing
sulfated FA have been isolated from some marine sponge
species. Penasulfate A 232, a new α-glucosidase inhibitor, was
isolated from a marine sponge Penares sp. (178); this compound
included a novel sulfated FA (2-piperidine-carboxylic acid).
Three similar α-glucosidase inhibitors named schulzeines A 233,
B 234, and C 235 were isolated from the marine sponge P.
schulzei (179). Schulzeines A–C showed inhibitory activity
against α-glucosidase, with IC50 values of 48–170 nM. Unique
30- and 31-membered macrolides encompassing a proline
residue and three sulfate groups, named penarolide sulfates A1
236 and A2 237, have been isolated from a marine sponge
Penares sp. (180). These metabolites inhibited α-glucosidase,
with IC50 values of 1.2 and 1.5 mg/mL.
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UNUSUAL AMIDE GLYCOSIDES

Amide surfactants are widely used as functional chemicals and
are indispensable for various industrial fields (181–183). Syn-
thetic detergents have molecular structures and properties that
are similar to soap. Detergent molecular structures consist of a
long hydrocarbon chain and a water-soluble ionic group. Most
detergents have a negative ionic group and are called anionic
detergents. Surfactants have a major impact on the performance
of modern-day cleaning systems. In addition to performance,
however, there is a growing appreciation for surfactants that
are also environmentally friendly and produced from renew-
able resources. Sugar-based surfactants fit these requirements,
and glucosamides (183–186) are one form that is experiencing
rapid growth rates. In recent years, much attention has been
paid from the ecologial and industrial viewpoints to sugar-
based surfactants such as alkyl glucoside (187–189). Some in-
teresting surfactants based on amide bond(s)  that have biolog-
ical activities have been synthesized (183).

Some diseases are initiated by the adherence of viruses, bac-
teria, or bacterial toxins to cell surface carbohydrates, a num-
ber of which are components of glycosphingolipids. Studies of
the binding of lectins indicated that many adhered weakly to
monomeric carbohydrate ligands (183,184). In addition to
more completely defining ligand specificity of the carbohy-

drate-binding pathogen, identification of multivalent carbohy-
drate ligands has led to studies of their efficacy as pathogen in-
hibitors. This commentary focuses on pathogens that recognize
the carbohydrate portion of glycosphingolipids. Because many
glycosphingolipid-binding pathogens have been shown to bind
multivalent saccharides, approaches for identifying and prepar-
ing them as well as methods for characterizing their effective-
ness as ligands were reviewed (183,184). Several multivalent
saccharide ligands were reported in the past 10 years.

Synthesis of amide glycoside derivatives of multivalent lig-
ands that cross-link concanavalin A dimers of saccharides 238
and 239 and a biophysical evaluation of their interaction with
the plant lectin concanavalin A have been reported (190). To
the best of our knowledge, these structures are the first reported
of their kind. Results obtained by Dimick et al. (190) indicate
that hemagglutination assays evaluate the ability of ligands to
inhibit the formation of cross-linked lattices, a process only
tangentially related to reversible ligand binding. Cluster glyco-
side effects observed in agglutination assays must therefore be
viewed with caution. Such effects may be relevant to the de-
sign of therapeutically useful amide saccharides.

Several convergent glycodendrimer syntheses based on aro-
matic cores have been reported (183). Stoddart and co-workers
reported convergent synthesis of polyvalent dendritic com-
pound 240 (191). Thus, carbohydrate-centered ligands are ter-
minated with a total of 12 glucose residues, although the mi-
croscopic environment of each is somewhat different. A related
group of ligands, again derived from a convergent synthetic
route and centered on an aromatic core, present terminal glu-
cose residues in nominally equivalent microenvironments.
Burke and co-workers synthesized three mannosyl residues
around a macrocyclic core 241 to produce a rigid trivalent lig-
and (192).
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A group of so-called two-component toxins are responsible
for the pathology of the world’s most severe enterotoxic dis-
eases; these toxins include the Escherichia coli heat-labile
toxin, the shiga toxin, and the cholera toxin. The toxins are
structurally and mechanistically related to the tetanus, diphthe-
ria, and pertussis toxins and to the plant toxins abrin and ricin.
Fan and co-workers (193) synthesized a pentavalent galacto-
side ligand for the E. coli heat-labile toxin based on a macro-
cyclic core 242–245. Multivalent cyclo-oligosaccharides
246–250, versatile carbohydrate clusters with dual roles as mo-
lecular receptors and lectin ligands, have recently been synthe-
sized (194).

SUMMARY

FA amides are commonly used as foaming and wetting agents in
hand dish-washing detergents, shampoos, and bar soaps, particu-

larly the diethanollauryl amide. Amphoteric or zwitterionic sur-
factants have two functional group, one anionic and one cationic.
In most cases it is the pH that determines which of the groups
will dominate, by favoring one or the other ionization: anionic at
alkaline pH and cationic at acid pH. Near the isoelectric point,
these surfactants display both charges and are truly amphoteric,
often with a minimum of interfacial activity and a concomitant
maximum of water solubility. Amphoteric surfactants, particu-
larly the amino acid ones, are quite biocompatible and are used
in pharmaceuticals and cosmetics. Besides their excellent sur-
factant properties, i.e., wetting power, cleaning performance,
foaming power, hard water tolerance, and lime soap dispersibil-
ity, particular emphasis is placed on the mildness of amphoteric
surfactants and on their low toxicity toward the skin and eyes
and, in particular, on the improvement in dermatological and mu-
cous membrane compatibility in mixtures with anionic surfac-
tants in shampoos. In addition, their zwitterionic character makes
them compatible with both anionic and cationic surfactants. Am-
photeric surfactants are a minor, but important ingredient of cos-
metic products. Beside their activity as a surfactant, they con-
tribute in combination with anionics toward the particular mild-
ness and low toxicity of the products.
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ABSTRACT: The formation of trans FA residues in membrane
phospholipids may be due to a free radical-catalyzed isomeriza-
tion process occurring to the cis unsaturated FA moieties. Radical
stress is well documented in inflammatory processes of atopic
diseases, but no data are yet available about a possible associa-
tion with trans FA detected in these patients. We investigated the
presence of trans lipid isomers in the erythrocyte and T-lympho-
cyte membranes of 26 children affected by atopic eczema/der-
matitis syndrome (AEDS). Trans lipid isomers were found in both
cell membranes, up to a total content of 2.7 and 4.9% of the FA
composition, respectively. By using the geometrical trans lipid li-
brary derived from in vitro models of thiyl radical-catalyzed isom-
erization, oleic and arachidonic acid isomers were detected. The
statistical significance was evaluated by comparison with an age-
matched control group. These results suggest the role of an en-
dogenous free radical isomerization path occurring to membrane
unsaturated lipids, complementary to the dietary contribution,
which can be involved in the lipid impairment in AEDS. This
study contributes to lipidomic research regarding the double
bond structure and the influence of a geometrical change of
membrane lipids in physiology and diseases.

Paper no. L9738 in Lipids 40, 661–667 (July 2005).

Several studies reviewed by Horrobin (1) have demonstrated
abnormalities of EFA metabolism and altered PUFA profiles in
atopic patients. This alteration can influence the physiological
roles played by PUFA, as, for example, the T-cell receptor
(TCR) signaling with suppression of the immune response (2).
Moreover, the levels of PUFA and in particular of arachidonic
acid can be correlated to functions other than structure, since
they are precursors for a number of key mediators of inflam-
mation, including prostaglandins, leukotrienes, and thrombox-
anes. These mediators alter T-helper (Th) lymphocyte activity
by suppressing Th1-type (Th1) cytokine production and favor-
ing a Th2-type (Th2) response characteristic of atopic disease.

Reports by us and other authors suggested using PUFA serum
level as a potential marker for the risk of developing atopic dis-
ease, and considering the deficiency of a key enzyme, such as
∆6-desaturase, as a favorable condition for developing allergy
(3–5). However, in lipid analyses related to atopic diseases, at-
tention was given only to FA with double bonds in the natural
cis configuration.

As far as the geometry of the FA double bonds is concerned,
several studies show the role of trans isomers in the perturba-
tion of membrane properties (6,7), as well as in the functioning
of embedded proteins and ion channels (8,9). Since humans do
not synthesize trans FA (TFA), nutritional studies have focused
on trans isomers contained in meat or milk and on partially hy-
drogenated fats (10). Dietary TFA are incorporated into both
adult and, via placental transfer, fetal tissues (11–14). Although
still debated, epidemiological studies have suggested the in-
volvement of TFA intake in human diseases such as cardiovas-
cular diseases (15) and allergy in children (16,17).

Studies on the cis-trans isomerization of unsaturated lipids
catalyzed by free radicals that support the hypothesis of a dif-
ferent origin of TFA detected in tissues are now available (18).
In fact, TFA can arise from the isomerization of natural cis lipids,
a process studied under different conditions of radical stress
(19–22), and recently also described during the normal incuba-
tion of human leukemia cell lines (THP-1) under physiological
conditions (23). Interestingly, biomimetic models as well as in
vitro studies showed that in the membranes the FA residue most
affected by radical attack is arachidonic acid (18,20,22). It is
worth recalling that the trans compounds formed by free radical
processes are exclusively the geometrical isomers, that is, with
the double bond in the same position of the naturally occurring
cis FA but with the opposite configuration. This fact highlights
the need for a more careful monitoring of lipid isomers during
the analysis of biological samples, to distinguish between the iso-
mers produced by a radical stress and the dietary trans isomers,
which are mostly positional isomers with the trans double bond
shifted to adjacent positions.

Atopic/eczema dermatitis syndrome (AEDS) is a disease in
which radical stress and inflammatory conditions are realized
(24). We hypothesized that the formation of trans phospho-
lipids in cell membranes might occur by radical-based isomer-
izing species derived from chronic inflammation in AEDS, and
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the effects could parallel those of dietary trans lipids. Indeed,
the effect of TFA on lipid enzymatic pathways is well assessed
(25–27).

Based on these premises, we approached the study of sub-
jects affected by atopic diseases such as AEDS by investigat-
ing the alteration of membrane FA profiles due to the presence
of TFA. To address specifically the presence of geometrical
trans isomers in biological samples, TFA characterization was
performed by comparison with a trans lipid library prepared
by a radical-based protocol carried out on naturally occurring
compounds (19–21,28). Examining all main FA residues, we
could also address the interference of TFA with lipid enzymatic
pathways.

Herein we report the results obtained for a group of children
affected by AEDS. Red blood cell and T-lymphocyte mem-
brane lipids were examined and, for the first time in the case of
T-lymphocytes, TFA were detected. TFA levels were also cor-
related to other FA levels and to clinical data, such as the pres-
ence of IgE.

This study aims at contributing to lipidomic research regard-
ing the double bond structure and the influence of FA geomet-
rical change on cell membranes in physiological conditions and
diseases.

MATERIALS AND METHODS

Subjects . Twenty-six Caucasian children, 18 females and 8
males, aged 6 mon–12 yr (mean age 5 yr), who were affected
by AEDS were recruited in the Pediatric Department of the
Policlinico Tor Vergata, Rome. The duration of the disease
ranged from 3 mon to 7 yr. The skin clinical score (SCORAD)
combines subjective and objective criteria, giving a global
quantitative score that represents the intensity of the disease at
a given time, and it was assessed according to the European
task force on atopic dermatitis (29). The patients had SCORAD
values ranging from 0 to 35. In 13 out of 26 AEDS patients,
atopic dermatitis was not IgE-mediated [prick tests/RadioAl-
lergoSorbent Test (RAST) negative]; 8 out of 13 IgE-mediated
AEDS patients had prick tests/RAST positive for inhalants, and
8 out of 13 had positive prick tests and RAST for cow milk and
were on a diet without milk proteins. None of the patients had
a history of cardiovascular disease or a family history for hy-
perlipidemia and diabetes, and all of them had normal labora-
tory tests for liver and renal function. They were receiving an-
tihistaminic treatment at the time of the investigation. A group
of 10 age-matched normal subjects was included in the study
as controls. Informed parental consent was obtained.

Cell isolation. Blood samples were taken by sterile
venipuncture of the antecubital vein. Blood samples were col-
lected with the addition of 1 mM EDTA and kept refrigerated
at 4°C until processed for the separation. One aliquot was
processed for the separation of erythrocytes and isolation of
erythrocyte membranes (30). Another aliquot was used for sep-
aration of peripheral blood mononuclear cells (PBMC) and
erythrocytes from whole blood by gradient centrifugation over
Ficoll-Hypaque (Pharmacia Biotech, Uppsala, Sweden).

Monocytes and B-lymphocytes were isolated from PBMC by
positive selection, using anti-CD14 and anti-CD19-conjugated
magnetic Microbeads, respectively (MACS magnetic cell sort-
ing system; Miltenyi Biotec, Belgish Gladbach, Germany), ac-
cording to the manufacturer’s instructions. T-lymphocytes were
obtained by negative selection as a result of the above separa-
tion. Analysis of cell surface phenotype was performed by flow
cytometry and routinely resulted in 95% purity of the three
populations. Briefly, cells were stained for 20 min on ice, with
monoclonal antibodies conjugated to fluorescein isothio-
cyanate  or PE, specific for CD14, CD19, CD3, CD56, as well
as with isotype controls (all from Pharmingen, San Diego, CA).
A minimum of 1 × 104 events for each sample was acquired on
a FACSCalibur (Becton Dickinson, San Jose, CA) using Cel-
lquest software (Becton Dickinson).

Phospholipid extraction and analysis. Phospholipid extrac-
tion from cell membranes was performed according to Bligh
and Dyer (31). The total phospholipid fraction was treated with
0.5 M KOH/MeOH (32) for 10 min at room temperature, and
the corresponding FAME were formed and extracted with n-
hexane. Geometrical TFA were recognized by comparison with
a trans lipid library obtained by thiyl radical-catalyzed reaction
of naturally occurring lipids, as already described (19,23,28).
The GC protocol consisted of two injections of the same sam-
ple under previously described conditions (23): the first analy-
sis gives the separation of C16 and C18 saturated FA (SFA) and
unsaturated FA, and the second analysis gives separation of
arachidonic acid and other eicosenoic FA. Representative GC
runs performed under the two conditions are reported in Figures
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FIG. 1. Partial GC runs representing C16 and C18 FA residues of mem-
brane phospholipids isolated from (A) erythrocyte of normal donor, (B)
erythrocyte of normal donor treated under radical stress conditions, i.e.,
γ-irradiation in the presence of 2.8 µM mercaptoethanol (Ref. 20). (C)
T-lymphocyte of atopic eczema/dermatitis syndrome (AEDS) children,
and (D) erythrocyte of AEDS children. Peak labels:  (1) methyl palmitate
(16:0); (2) methyl palmitoleate (9c-16:1); (3) methyl stearate (18:0); (4)
methyl elaidate (9t-18:1); (5) methyl trans-vaccenate (11t-18:1), (6)
methyl oleate (9c-18:1), (7) methyl vaccenate (11c-18:1). Chromato-
grams are normalized to the methyl palmitate peak (100%).



1 and 2. In the separation of the arachidonate isomers of Figure
2, we could not completely resolve the peaks, and the 20:3 FA
eluted together with other isomers (peak 2 in Fig. 2). In normal
subjects (profile A) the most abundant C20 FA is arachidonic
acid (peak 1), with 20:3 (peak 2) and 20:1 (peak 3) being the
minor residues recognized by GC/MS analyses (m/z = 320 and
324, respectively). The isomer identity also was investigated
by GC/MS analyses and, when the mass fragmentation was
compatible with the structure of 20:4 isomers, the sum of the
peak areas matching the isomer references was reported as
trans-20:4 in Table 1. A more detailed description of the iso-
mer analyses has been previously given (23).

Statistical analysis. FA levels are expressed as mean ± SD
of the percentage of the total FA peak areas, as detected in the
GC chromatograms. The results are listed in Table 1. Differ-
ences between the AEDS patients and controls were assessed
by Kolmogorov–Smirnov test, and the statistical significance
level P is given in the text for the relevant cases. A value of P
< 0.05 was considered statistically significant for all analyses.
All statistical analyses were performed using SPSS software
(version 10 for PC; Chicago, IL).

RESULTS

GC analysis. In this study, erythrocyte and T-lymphocyte mem-
brane phospholipids isolated from AEDS patients were ana-
lyzed by a protocol consisting of two parallel GC injections of

the same sample. Representative GC runs are shown in Figures
1 and 2, referred to the subjects and the reference isomeric mix-
tures obtained from the isomerization of naturally occurring
lipids by thiyl radicals, as already described (19,23,28).

In particular, in Figure 1 the reference mixture of cis/trans
isomers was obtained from erythrocyte membranes treated
under radical stress condition (profile B), i.e., γ-irradiation in
the presence of a certain amount of thiol (20). In this condition,
geometrical C18 monounsaturated FA (MUFA) isomers can be
formed, and they elute in a region of the GC chromatogram im-
mediately before the corresponding cis isomers, which is indi-
cated between two dashed lines in Figure 1 (peaks 4 and 5)
(23). Profile A shows an example of erythrocyte membrane
lipids from controls having <0.1% of trans- octadecenoic acid
isomers. Profiles C and D show examples of T-lymphocyte and
erythrocyte membranes from AEDS patients containing trans
isomers as 0.7 and 0.3% of the total FA content, respectively.

In Figure 2, the regions of GC runs relative to eicosenoic FA
residues of different samples are shown. In the atopic patients,
arachidonic acid was still the most abundant residue, but the
run was complicated by the presence of other components. The
similarity of the altered FA in atopic patients, with the transfor-
mation of arachidonic acid under in vitro radical stress condi-
tions, can be appreciated by comparison of profile B with pro-
files C and D (20,23). The analytical procedure and isomer
analysis have been described in detail recently (23). It was grat-
ifying to see that the components detected in atopic patients
match the trans isomers of the references. In our cohort, differ-
ent percentages of trans components were detected, and the al-
terations were reproduced similarly in erythrocyte and T-lym-
phocyte membranes of the same patient.

FA composition. Studies of FA composition have been re-
ported in several cases of atopic dermatitis, one of the com-
monest chronic inflammatory diseases in childhood (33–35).
In particular, disorders of EFA metabolism have been evi-
denced, with a possible inhibition of the enzymatic activity of
desaturases (3,5,33–35). Although changes of less than 1% of
the total FA were reported, they were considered to influence
the normal prostaglandin production significantly (36).

In our study, we evaluated FA residues of erythrocyte and
T-lymphocyte membrane phospholipids up to a total of 12
components, including geometric cis and trans isomers, identi-
fied as previously discussed in the GC analysis section. The
values are reported in Table 1 and are expressed as percentages
of the peak areas relative to the sum of the main FA residues
detected by GC. Control values were obtained from a group of
10 children, age-matched with AEDS patients, and these were
in agreement with data reported for normal subjects in the re-
cent literature (37–40). It is known that lipid composition of
erythrocytes and lymphocytes in the elderly can vary (41)
whereas it does not change consistently in young subjects (42).

Examination of the naturally occurring FA led to the follow-
ing results: (i) 16:0 values were significantly higher in AEDS
patients compared with controls (P < 0.001), and this increase
occurred both in erythrocyte and T-lymphocyte membranes.
(ii) 18:0 levels were similar between patients and controls. (iii)
The increase of 16:1 in both erythrocyte and T-lymphocyte
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FIG. 2. Partial GC runs representing (A) C20 FA residues of erythrocyte
membrane phospholipids isolated from normal donor, (B) C20 FA
residues of erythrocyte membrane phospholipids isolated from AEDS
children; (C) methyl arachidonate model isomerization, containing a
mixture of cis and mono- and di-trans isomers (Ref. 20); (D) profile re-
sulting from the subtraction of run A from the run obtained after treat-
ment under radical stress conditions, i.e., γ-irradiation of the blood in
the presence of 2.8 µM mercaptoethanol. The preferential formation of
two isomers in the erythrocyte membrane is visible (Refs. 20,23). Peak
labels: (1) methyl arachidonate  (5c,8c,11c,14c-20:4); (2) methyl
eicosatrienoate (8c,11c,14c-20:3); (3) methyl eicosenoate (11c-20:1).
Chromatograms are normalized to methyl arachidonate (100%). For ab-
breviation see  Figure 1.



membranes was also significant (P < 0.001) compared with
controls. (iv) No significant differences of linoleic and arachi-
donic acid levels were detected in erythrocytes compared with
controls, whereas for lymphocytes low values of both FA were
significant (P < 0.001). (v) The SFA/MUFA ratio was higher
than in controls (P < 0.001).

Significant correlations were found in the case of palmitic
acid, which had an inverse correlation with the levels of arachi-
donic acid (r = −0.622; P = 0.001) and a positive correlation with
linoleic acid (r = 0.432; P = 0.03). For stearic acid, an inverse
correlation was found with linoleic acid (r = −0.555; P = 0.005).

With respect to trans isomers, octadecenoic acid isomers
were detected and, compared with controls belonging to the
same geographical area, the values were significantly higher in
AEDS patients both in erythrocyte (P < 0.02) and T-lympho-
cyte (P < 0.01) membranes. Trans isomers of arachidonic acid
were found both in erythrocyte and T-lymphocyte membrane
phospholipids of all patients (1.2 ± 1 and 1.1 ± 0.6, respec-
tively), as well as in controls (0.3 ± 0.1 and 0.4 ± 0.2, respec-
tively). Since the occurrence of these trans isomers is not yet
well known even in control subjects, the statistical significance
of the subjects compared with controls had a particular mean-
ing, and it was found to be high (P < 0.001).

The sum of trans 18:1 and 20:4 isomers is reported in Table
1 as the total trans-FA (TFA) content. It is worth noting that
the highest values of total TFA found in the erythrocyte and T-
lymphocyte membranes were 2.7 and 4.9% of the FA compo-
sition, respectively, whereas controls did not exceed the value
of 0.5–0.6%. Correlation between the total TFA contents and
the other FA values in erythrocyte membranes was also evalu-
ated. Significant correlations were found with SFA, such as
palmitic acid (r = 0.446; P = 0.03) and inversely, stearic acid (r
= −0.618; P = 0.001).

In five subjects, the arachidonic acid precursor, dihomo-γ-
linolenic acid (DGLA; 8c,11c,14c-20:3), was found in high
amounts compared with the normal values.

Generally, low levels of the long-chain PUFA 22:6n-3
(DHA) were found in almost all erythrocyte and T-lymphocyte
membranes compared with controls (P < 0.001 in both cases).

Finally, we divided the 26 patients in two groups, based on
the skin prick/RAST test for detecting the non-IgE-mediated
dermatitis. Table 2 reports the total TFA levels found in eryth-
rocyte and T-lymphocyte membranes of the two groups. The
highest values were found in lymphocyte membranes from 10
out of the 13 patients with non-IgE-mediated dermatitis. How-
ever, the differences were not significant (P = 0.169).
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TABLE 1
Major FA and trans FA Isomers of Erythrocyte and T-Lymphocyte Membranes in AEDS Children
and Comparison with Control Values

Erythrocyte T-cell
membraneb Controlb membraneb Controlb

FAMEa (n = 26) (n = 10) (n = 26) (n = 10)

16:0 31.4 ± 5.3c 21.8 ± 5.1 36.5 ± 7.1c 24.1 ± 6.0

16:1 3.8 ± 2.9c 0.3 ± 0.2 8.3 ± 6.5c 0.3 ± 0.2

18:0 16.5 ± 4.8 16.5 ± 4.0 19.1 ± 5.9 21.0 ± 2.2

trans-18:1 0.5 ± 0.2d 0.2 ± 0.1 0.5 ± 0.4d 0.2 ± 0.1

9c-18:1 17.3 ± 3.5 13.5 ± 4.2 13.7 ± 4.8 16.0 ± 4.2

11c-18:1 1.1 ± 0.6 1.0 ± 0.4 1.1 ± 0.9 1.2 ± 0.3

9c,12c-18:2 11.0 ± 3.0e 12.0 ± 4.5 5.6 ± 2.5e 7.4 ± 2.6

5c,8c,11c,14c-20:4 11.7 ± 4.5f 13.0 ± 2.9 5.9 ± 4.0f 11.2 ± 4.9

trans-20:4 1.2 ± 1c 0.3 ± 0.1 1.1 ± 0.6c 0.4 ± 0.2

20:3g 2.1 ± 1.9 1.6 ± 0.5 4.6 ± 4.0 1.7 ± 0.2

20:5 (EPA) 2.7 ± 2.0 0.7 ± 0.2 1.2 ± 1.0 1.3 ± 0.2

22:6 (DHA) 2.8 ± 1.5h 5.3 ± 1.1 1.1 ± 0.8h 3.7 ± 1.9

SFA/MUFA 2.6 ± 0.5c 1.9 ± 0.2 4.5 ± 3.0c 2.2 ± 0.3

18:2n-6/18:0i 0.8 ± 0.2 0.4 ± 0.01 0.3 ± 0.2 0.32 ± 0.07

Total trans-FA 1.7 ± 1.1c < 0.5l 1.7 ± 1.3c < 0.6l

aFAME are obtained from total lipid extraction, derivatization, and GC analysis.
bThese values are mean ± SD and are expressed as percentage of the peak areas as detected in the GC chromatogram.
cValues higher than normal in erythrocyte (P < 0.001) and lymphocyte (P < 0.001)membranes.
dValues higher than normal in erythrocyte (P < 0.02) and lymphocyte (P < 0.01)membranes.
eValues lower than normal in erythrocyte (P < 0.493) and lymphocyte (P < 0.001)membranes.
fValues lower than normal in erythrocyte (P < 0.303) and lymphocyte (P < 0.001)membranes.
gDetected in all samples and assigned to 8c,11c,14c-20:3 (dihomo-g-linolenic acid DGLA) by comparison with an authen-
tic sample. In five samples of erythrocyte and lymphocyte membranes DGLA was > 10%.
hValues lower than normal in erythrocyte (P < 0.001) and lymphocyte (P < 0.001) membranes
iEFA deficiency index.
lHighest value detected in controls. AEDS, atopic eczema/dermatitis syndrome; SFA, saturated FA; MUFA, monounsatu-
rated FA.



DISCUSSION

Although the results of different studies are not in agreement, the
balance of evidence indicates that lipid metabolism is abnormal
in atopic eczema (1). Data of the present study, as found in pre-
vious reports, show that in children affected by AEDS the FA
membrane composition of red blood cells is altered. Control val-
ues obtained from a group of 10 children, age-matched with
AEDS patients, were also found to be in agreement with data re-
ported in the recent literature for normal subjects (36–40).

Moreover, here we report that the lipid composition in
erythrocyte membranes had modifications that were reflected
in membranes of T-lymphocytes, which are key effector cells
in immunopathology of AEDS (compare with Table 1). The
impairment consisted of an alteration of normal lipid ratios and,
for the first time we report the presence of TFA isomers. In par-
ticular, with the help of a trans lipid library for GC analysis,
not only octadecenoic acid isomers but also arachidonic acid
isomers were detected in erythrocyte and T-lymphocyte mem-
branes. The comparison  of model radical-based isomerization
of MUFA and PUFA, with the lipid trends of our patients
shown in Figures 1 and 2, is gratifying.

In our model studies of arachidonate isomerization (20,21)
and in the more recent work on the endogenous formation of
TFA in THP-1 cells (23), we highlighted the relevance of the
double bonds of arachidonic acid residues, which are the most
affected by a radical-catalyzed isomerization process directly oc-
curring in the biological membranes. Except for the presence of
trans octadecenoic acids, which also can be expected from the
diet, the trans 20:4n-6 isomers are not common in the diet, since
their production from the trans 18:2 isomers is minimal. The four
mono-trans isomers of arachidonic acid have been previously
detected in human blood plasma and correlated to the presence
of isomerizing radical species in smokers (22). Radical stress is
also deeply involved in skin inflammation and atopic disease
and, owing to a reduction of antioxidant defenses reported in
these cases (24,43), it could affect membrane lipids, in particular
polyunsaturated components. It must also be taken into account
that lipid isomerization is inhibited by some antioxidants (44).

Considering other possible factors, in Europe TFA intake
from the diet was correlated with childhood asthma and allergy
(16). Our cohort had a diet balanced and normal for age as as-
certained by the pediatrician, with no increased intakes of foods
containing TFA isomers and olive oil as the main condiment,
as ascertained during an interview with the parents. Eight chil-
dren were on a diet free of cow’s milk proteins and dairy prod-

ucts. Moreover, as discussed above, the presence of arachi-
donic acid isomers suggests that contributions from sources
other than diet must be involved.

Once formed in the biological environment, TFA are active
molecules known to inhibit desaturase and elongase enzymes
and cause interruption of lipid pathways at different levels
(25–27). The effects of trans arachidonic acid isomers are not
yet fully disclosed, although some evidence for their interac-
tion with lipid enzymes has been gathered (45–48).

In this study, significance was found for the correlation be-
tween total TFA levels and the high 16:0 and low 18:0 levels
(P = 0.03 and P = 0.001, respectively). Together with the ob-
servation that high levels of 16:0 are inversely correlated with
20:4 levels (P = 0.001), a scenario results in which the inhibi-
tion of elongase enzyme can be suggested. Moreover, the re-
duced polyunsaturated content could couple with the high con-
tent of SFA and TFA, which are known to reduce the fluidity
and permeability of cell membranes (6–9,44) as well as to af-
fect membrane functions, including protein activities (7,8). The
presence of higher amounts of palmitoleic acid residues could
be explained from the activity of desaturase enzymes on the
excess palmitic acid, and this MUFA residue could increase
membrane fluidity. Therefore, activation of desaturase enzymes
working with SFA could be a compensative mechanism in re-
sponse to a general diminution of PUFA levels and lack of un-
saturation observed in patients.

Cases of increased  20:3n-6  (DGLA), in particular in T-
lymphocyte membranes, which is normally processed to ara-
chidonic acid by ∆5 desaturase activity, seem to indicate an in-
hibition of this pathway. It is also worth noting that a high
amount of 20:3n-6 occurs in hematopoietic cells at an imma-
ture stage of development, which is also due to the absence of
other cofactors (49). Generally, in our patients, low DHA con-
tents were found in erythrocyte and lymphocyte membranes (P
< 0.001, respectively). The low levels of arachidonic and
linoleic acids compared with controls were significant only in
T-lymphocytes (P < 0.001), thus showing some differences be-
tween the two cell populations in the same group of subjects.
More recently, defects of PUFA have been related to a lack in
the gene expression for FA enzymes (50).

The above-described correlation between the high content
of 16:0 and the low content of 20:4 in erythrocytes could also
indicate a possible relationship with desaturase enzymatic inhi-
bition given by TFA. A clear correlation between high 18:1
trans isomers with low amounts of arachidonic acid and DHA
in infant development has been described (51) although in our
patients this correlation was not statistically significant.

Finally, we examined the relationship between TFA levels
in erythrocyte and T-lymphocyte membranes and the presence
of IgE (Table 2). In 13 out of 26 children where atopic disease
was not IgE-mediated, the highest levels of TFA were detected
in lymphocytes (1.8 ± 0.9%). However, the statistical signifi-
cance of this parameter between the two groups appears not to
be meaningful (P = 0.169), and a larger survey of patients is
needed to address this point properly.

These data point out the need for a more comprehensive
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TABLE 2
Comparison of Total trans FA Isomer Content in Erythrocyte
and T-Lymphocyte Membrane Phospholipids of AEDS Patients

Erythrocytea T-lymphocytea

AEDS patients (n = 13) (n = 13)

IgE-mediated 1.6 ± 1.1 1.3 ± 0.9

Not-IgE-mediated 1.5 ± 0.9 1.8 ± 0.9b

aPercentage of the peak areas as detected in the GC chromatograms ex-
pressed as mean ± SD. 
bP = 0.169.



picture of diseases involving lipid impairment, which has to in-
clude cis and trans isomer detection along with elucidation of
their exogenous or endogenous origin. Indeed, the connection
of diseases based on inflammation and free radical production
with an in vivo cis-trans isomerization is an interesting hypoth-
esis that is also connected with the concomitant unbalance of
antioxidant defenses reported in these cases. In view of the rad-
ical-based mechanism of lipid alteration, the suggested supple-
mentation of PUFA in skin disorders should be combined with
compounds having a radical-repair activity (52).

Owing to the types and amounts of TFA detected in our
AEDS patients, the contribution of radical-based isomerization
to the presence of FA isomers in skin inflammatory diseases is
proposed here for the first time. We speculate that the forma-
tion of TFA isomers in T-cell membranes of AEDS patients
might affect membrane fluidity and produce consequences on
the location and behavior of membrane-bound receptors and
therefore might alter the activities of T cell signaling. 
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ABSTRACT: n-3 PUFA influence immune functioning and may
affect the cytokine phenotype during development. To examine
whether maternal fish oil supplementation during lactation could
modify later immune responses in children, 122 lactating Danish
mothers with a fish intake below the population median were ran-
domized to groups supplemented for the first 4 mon of lactation
with 4.5 g/d of fish oil (equivalent to 1.5 g/d of n-3 long-chain
PUFA) or olive oil. Fifty-three mothers with a fish intake in the
highest quartile of the population were also included. The FA
composition of erythrocyte membranes was measured at 4 mon
and at 21/2 yr. Plasma immunoglobulin E (IgE) levels and cytokine
production in lipopolysaccharide-stimulated whole-blood cul-
tures were determined at 21/2 yr. Erythrocyte n-3 PUFA at 4 mon
were higher in infants from the fish oil group compared with the
olive oil group (P < 0.001) but were no longer different at 21/2 yr.
The median production of lipopolysaccharide-induced interferon
γ (IFN-γ) in the fish oil group was fourfold higher than that in the
olive oil group (P = 0.034), whereas interleukin-10 (IL-10) pro-
duction was similar. The IFN-γ/IL-10 ratio was twofold higher in
the fish oil group (P = 0.019) and was positively correlated with
20:5n-3/20:4n-6 in erythrocytes at 4 mon (P = 0.050). The per-
centages of atopic children and plasma IgE were not different in
the two groups, but the study was not designed to look at atopy.
Cytokine responses and erythrocyte FA composition in children
of mothers with a high fish intake were intermediate in compari-
son with those in the randomized groups. Fish oil supplementa-
tion during lactation resulted in increased in vitro IFN-γ produc-
tion in the children 2 yr after the supplementation was given,
which may reflect a faster maturation of the immune system.

Paper no. L9666 in Lipids 40, 669–676 (July 2005).

Because of the immunosuppressive action of n-3 PUFA, there
has been some concern about the safety of an increased intake
of n-3 long-chain PUFA (LCPUFA) in infancy (1). However, it
has also been hypothesized that an increased intake of n-3
PUFA may protect against atopy (2). There has been an in-

crease in the prevalence of atopic diseases in the last decades,
which could be due to environmental factors. Atopic sensitiza-
tion occurs early in life and may therefore be specifically sen-
sitive to environmental factors, e.g., diet, that are introduced in
this period. It is therefore possible that some “nutritional pro-
gramming” of the immune system may occur.

Infants are born with an immature immune system character-
ized by a polarization of T helper lymphocytes (Th) toward a pro-
allergic Th2-type response. The capacity to induce protective Th1
immune responses is impaired in early childhood, and immune
maturation in childhood is characterized by a Th1 polarization.
Breast milk contains numerous components that may promote the
development of the infant’s immune system (3), including PUFA.
The maternal diet is the most important determinant of infant
PUFA accretion in membranes of breast-fed children (4). Thus,
variations in maternal intake of PUFA may influence the matura-
tion and polarization of the infant immune system.

Immune maturation occurs faster in breast-fed than in for-
mula-fed infants and is enhanced by the addition of LCPUFA
to infant formula (1,5). Fish oil (FO) supplementation of preg-
nant women has been shown to affect immune function in the
neonate and atopic sensitization during early life (6,7). Some
longitudinal studies found that a higher n-3 PUFA content in
breast milk was associated with a decreased likelihood of atopy
in infants (8–10), whereas another study found contrasting re-
sults (11). Supplementation with n-3 PUFA during lactation has
been found to reduce the prevalence of wheezing during the
first 18 mon of life (12). The effect of maternal FO supplemen-
tation during lactation on later immune function in the off-
spring has not been investigated.

We performed a randomized trial in which the n-3 LCPUFA
intake of breast-fed infants was raised via FO supplementation
to the mother during the first 4 mon of lactation. The trial was
designed to investigate the effects on breast-milk FA composi-
tion, n-3 PUFA levels in infant erythrocytes (RBC), and devel-
opment during the first year of life (13). The long-term effect
on immune function was investigated at a follow-up visit, when
the children were 21/2 yr old. The aim of this study was to see
whether maternal FO supplementation during lactation would
affect later immune function, determined by the cytokine phe-
notype and assessed by the in vitro production of interferon γ
(IFN-γ) and interleukin 10 (IL-10) and plasma immunoglobu-
lin E (IgE). The study did not have the power to look at atopic
sensitization.
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SUBJECTS AND METHODS

The study hypothesis was tested in a parallel-group random-
ized trial. A diagram of the trial profile, with special focus on
the present follow-up study, is shown in Figure 1. The details
of the study design, recruitment procedure, and subjects, which
have been reported elsewhere (13), are described briefly here.

During 1999, participants were selected from among preg-
nant women recruited for the Danish National Birth Cohort (14)
based on their intake of n-3 LCPUFA. Women with a fish intake
below the population median (<0.4 g n-3 LCPUFA/d) were re-
cruited for the randomized intervention trial, and women with a
fish intake in the upper quartile (>0.8 g n-3 LC-PUFA/d) as a
high-fish-intake reference group (HFI group). The inclusion cri-
teria were: an uncomplicated pregnancy, pre-pregnancy body
mass index < 30 kg/m2, no metabolic disorders, and the inten-
tion to breast-feed for at least 4 mon. Furthermore, the newborns
had to be healthy, term, singleton infants with normal weight for
gestation (15) and an Apgar score > 7, and the mothers were to
begin taking the supplements within 2 wk after birth. One hun-
dred twenty-two and 53 of the women with a low and high fish
intake, respectively, fulfilled all criteria.

The protocols for the intervention trial and follow-up study
were approved by the local scientific ethical committee (KF
01-300/98 and KF 01-183/01). Both parents of all participating
children gave written consent to participate after the study had
been explained to them orally as well as in writing.

Trial and supplements. After birth, women with a fish in-
take below the median were randomly allocated to daily sup-

plementation for the first 4 mon of lactation with microencap-
sulated FO or olive oil (OO) given in müesli bars (Halo Foods
Ltd., Tywyn Gwynedd, Wales, United Kingdom). The FO sup-
plement (Dry n-3TM; BASF Health and Nutrition A/S,
Ballerup, Denmark) provided 1.5 g/d of n-3 LCPUFA (equiva-
lent to 4.5 g/d of fish oil). As an alternative, the supplements
were offered in homemade cookies or oil capsules (a gift from
Lupe/ProNova Biocare, Lysaker, Norway). The overall self-re-
ported compliance in both groups was, on average, 91% (range
67–100%, n = 64). Investigators and families were blinded to
the randomization throughout the first year of life.

One hundred seven mothers complied with the criterion for
exclusive breast-feeding for 4 mon. Mothers who did not fulfill
this criterion were not excluded from the trial, but we estimated
to which extent breast milk covered the energy needs of the in-
fants from their intake of formula and complementary food.
Breast milk was estimated to be the dominant source in all but
15 of the infants, most of whom were from the FO group [but
the overall degree of breast-feeding did not differ between the
two randomized groups (P = 0.059)]. The typical infant formu-
las on the Danish market at the time had an n-6/n-3 PUFA ratio
of around 10 and contained no LCPUFA. One hundred moth-
ers completed the intervention, and 50 mothers from the HFI
group remained in the study for the initial 4-mon period. The
biochemical effect of the intervention was assessed from the
FA composition of breast milk and RBC from mothers and in-
fants at the end of the intervention (13).

Follow-up study. When the children were 21/2 yr old, all 150
families were invited to participate in the follow-up examination
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FIG. 1. Trial profile summarizing participant flow, number of randomization assignments, and follow-up examinations for all groups, with special
focus on the assessment of immune function at 21/2 years of age. DNBC, Danish National Birth Cohort; FO, fish oil; IFN, interferon; IL, interleukin;
OO, olive oil; HFI-group, group of mothers with a high fish intake; RBC, red blood cell.



at the Department of Human Nutrition, as previously described
(16). The follow-up rates in the randomized groups and in the
HFI group were 72 and 58%, respectively. At the time of the fol-
low-up study, the children were healthy, i.e., they were not given
continuous medication and did not suffer from chronic disease
(except for some having allergies). The parents were interviewed
about allergy diagnoses in the child, signs of allergic tendencies,
and family history of allergy using questions that has been vali-
dated with respect to atopic dermatitis (17). Only allergic ten-
dencies (itchy rash, wheezing, or food allergy) reported that had
been verified by a doctor were used for categorization.

At the end of the follow-up examination, a 1-mL blood sam-
ple was collected from the children in ice-cold heparin-condi-
tioned tubes by venipuncture. The study group in the present
study consisted only of children with successful blood sam-
pling; their characteristics are shown in Table 1.

Within 30 min after sampling, 30-µL aliquots of heparinized
whole blood were cultured with lipopolysaccharide (LPS) for
measurement of cytokine production. Within 1 h after sam-
pling, RBC were separated from plasma and leukocytes by cen-
trifugation and washed three times in physiological saline. The
plasma samples were frozen at −80°C. The isolated, packed
RBC were reconstituted 1:1 in physiological saline with 1 mM
EDTA and 0.005% BHT (Sigma, St. Louis, MO) and kept at
−80°C until the FA composition was determined (maximum
storage time 8 mon).

Measurement of cytokine production by whole-blood cul-
tures. Heparinized blood was diluted 1 in 7 with RPMI 1640
medium supplemented with 0.1% FCS and 30 IU/mL Na-hep-
arin. Diluted whole-blood cultures were set up in 96-well cul-
ture plates, with 8 wells for each child. In 4 wells, LPS (from
Escherichia coli O26:B6; Sigma) was added to give a final con-
centration of 1 µg/mL, and 4 wells with control cultures were
the added medium alone. Cultures were incubated at 37°C in a
5% CO2 atmosphere for 22.5 ± 1.5 h, the supernatant was care-
fully removed, and aliquots were frozen at −20°C.

Cytokine concentrations in the culture supernatants were

measured by ELISA. IFN-γ, IL-12 p70, and IL-4 were measured
with commercial kits (Duosets DY285, DY1270, and DY204;
R&D Systems Europe, Abington, United Kingdom) in accor-
dance with the manufacturer’s instructions. The IL-10 concen-
tration was determined with paired antibodies (BD Pharmingen,
San Diego, CA) using anti-human IL-10 (clone JES3-19F1, 2
µg/mL) as the coating antibody and biotinylated anti-human IL-
10 (clone JES3-12G8, 1 µg/mL) as the detector antibody. Cy-
tokine concentrations were quantified relative to standard curves
representing a range of dilutions of recombinant cytokine using
a four-parameter curve-fit analysis (KinetiCalc software, version
KC4 Rev 29; Bio-Tek Instruments). Limits of detection for these
assays were 62 pg/mL (IFN-γ), 33 pg/mL (IL-10), 33 pg/mL (IL-
12), and 31 pg/mL (IL-4). Nondetected values were set to 0.5×
the limit of detection in calculating the ratios of IFN-γ to IL-10.
IFN-γ IL-10, and IL-12 were determined in most of the children,
whereas the IL-4 analysis was carried out only with the super-
natants from 10 of the children. The were no correlations be-
tween the determined levels of cytokines in the supernatants and
storage time (data not shown).

Measurement of IgE in plasma. IgE was measured in plasma
from heparinized blood samples with paired antibodies (BD
Pharmingen) in a sandwich ELISA. It was performed as de-
scribed above, but with antibodies against human IgE. Anti-
human IgE (clone G7-18) was used as the capture antibody at 2
µg/mL, and biotin-coupled anti-human IgE (clone G7-26) at 2
µg/mL was used as the detector antibody. Plasma from high-IgE
producers (a kind gift from ALK-Abello, Hørsholm, Denmark)
was used as a reference to control for plate-to-plate variation.
Samples were serially diluted and antibody titers were expressed
as log2 titers and defined as the dilution (four-parameter analy-
sis, KinetiCalc software; Bio-Tek Instruments) of a blood sam-
ple leading to an absorbance at 0.2 above background.

RBC FA analysis. Thawed RBC from the heparin blood
samples were hemolyzed in redistilled water, and the lipids
were extracted by the procedure of Folch et al. (18). Lipids
were methylated with BF3 in methanolic NaOH (19), and the
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TABLE 1
Characteristics of the 91 Children in the Follow-up Study on Immune Functiona

HFI Olive oil Fish oil

n 26 28 37
Sex (% boys) 61.5 57.1 62.2
Parity (% with no siblings) 50 39 59
Birth weight (kg) 3.64 ± 0.08 3.56 ± 0.08 3.68 ± 0.07
Mean duration of breast-feeding (mon) 10.0 ± 0.9 9.9 ± 0.9 8.2 ± 0.8
Degree of breast-feeding (% 100 and <50)b 80.8 & 7.7 78.6 & 3.6 59.5 & 24.3
Age at follow-up (mon) 31.7 ± 0.2 31.9 ± 0.2 31.7 ± 0.1
Height at 21/2 yr (cm) 93.4 ± 0.6 92.6 ± 0.6 92.8 ± 0.5
Weight at 21/2 yr (kg) 14.0 ± 0.3 13.7 ± 0.2 14.2 ± 0.2
Family history of atopy (% with 1 and >1)c 36.0 & 20.0 42.9 & 21.4 33.3 & 16.7
Children with no signs, of eczema, wheezing, and food allergy (%)d 64, 20, 16, 4 64, 14, 21, 4 64, 14, 31, 9
Plasma IgE (titer-value) 8.7 (8.2-–9.1) 8.8 (7.3-–9.2) 8.9 (8.0-–9.2)
aData given as mean ± SE or percentage of all children of mothers with a habitual high fish intake (HFI) or mothers supplemented during lactation with olive
oil or fish oil. There were no statistically significant differences between groups. IgE, immunoglobulin E.
bChildren exclusively breast-fed in the first 4 mon of lactation and those estimated to have had less than 50% of their energy intake covered by breast milk.
c1 and >1 atopic family members (parents or siblings).
dOnly children with an atopic diagnosis made by a physician.



resulting FAME were extracted and separated by GLC as pre-
viously described (13). All peaks from lauric acid (12:0) to do-
cosahexaenoic acid (22:6n-3) were identified from the reten-
tion times of commercial standards (Nu-Chek-Prep Inc.,
Elysian, MN) as previously described (20). On average, 96.9 ±
0.1% (mean ± SE) of the chromatogram areas were identified
(excluding BHT). The FA compositions of all RBC samples
were determined in duplicate. Results are expressed as the area
percentage of each FA relative to that of all FA peaks together.

Statistical analysis. The results are given as average ± SE
for normally distributed variables (RBC FA composition) and
as the median (10th and 90th percentiles) for other variables
(all immune variables). RBC FA composition and immune re-
sponses in the two randomized groups and in atopic and
nonatopic children were compared by Student’s t-test and the
Mann–Whitney U-test, respectively. The distribution of LPS-
induced IL-10 production in the two randomized groups was
performed by Levene’s test for equal variances. Paired com-
parisons of the LPS stimulation in cytokine production were
performed using a Wilcoxon signed ranks test. Associations
between immune variables and between RBC FA composition
and cytokine production were calculated by Kendall ι. A Pear-
son correlation analysis was used to analyze the correlation be-
tween RBC FA compositions in mothers and children. All data
were analyzed using SPSS for Windows 11.0 (Chicago, IL).

RESULTS

FO supplementation had a pronounced effect on the FA com-
position of breast milk (13) and on that of RBC from infants in
month 4 of lactation (Table 2). The ratio of 20:5n-3 to 20:4n-6

in the RBC of infants was significantly higher in the FO group
than in the OO-group at the end of the 4-mon intervention pe-
riod. The 91 children with follow-up blood samples at 21/2 yr of
age were similar to the children with no follow-up blood sam-
ple with respect to gestational age, weight, length at birth, de-
gree of breast-feeding, dietary group, and RBC FA composi-
tion at 4 mon (data not shown). However, the follow-up group
had significantly better compliance in the intervention trial (89
vs. 85%), and the follow-up rate for boys was higher (P =
0.020). At 21/2 yr of age, no differences were apparent in RBC
FA compositions between children from the two randomized
groups (Table 2).

At 21/2 yr of age, no group difference was observed in plasma
IgE levels (Table 1). Cytokine production was not detectable in
the supernatants of unstimulated cultures, except in a few chil-
dren (Fig. 2). LPS induced a marked increase in IL-10 produc-
tion to levels approximately 18 times above the detection limit
(Fig. 2). Median LPS-induced IL-10 level did not differ be-
tween the FO and OO groups (P = 0.367), but the distribution
of IL-10 in the two groups did (P = 0.003). LPS-induced IFN-γ
production was significantly increased compared with the con-
trol in both the OO and FO groups (P = 0.008 and P < 0.001,
respectively). LPS induced detectable levels of IFN-γ in 62%
of the children in the FO group and 39% in the OO group (chi-
square, P = 0.093). The median IFN-γ production was still un-
detectable in the OO group, but was 2.2 times above the limit
of detection in the FO group and significantly higher than in
the OO group (P = 0.034, Fig. 2). This difference was also sig-
nificant when the child with detectable control levels of IFN-γ
was excluded (P = 0.049), and there was a trend in the same di-
rection when all children who were breast-fed <50% during the
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TABLE 2
FA Composition of Erythrocytes at 4 mon and 21/2 yr of Age from Offspring of Mothers Randomized to Groups Supplemented with Olive Oil
or Fish Oil During the First 4 mon of Lactation or Mothers with a High Habitual Fish Intake (HFI)a

4 mon 2 1/2 yr

HFI Olive oil Fish oil HFI Olive oil Fish oil 

n 20 25 27 26 28 36
SFA 43.3 ± 0.7 42.4 ± 0.6 41.9 ± 0.4 41.2 ± 0.1 41.4 ± 0.2 41.7 ± 0.2d

MUFA 17.6 ± 0.5 17.9 ± 0.5 17.2 ± 0.5 16.7 ± 0.1 16.8 ± 0.2 16.8 ± 0.1
20:3n-9 0.05 ± 0.01 0.07 ± 0.01 0.05 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 0.10 ± 0.005
18:2n-6 7.9 ± 0.2 8.6 ± 0.2e 8.6 ± 0.2d 10.2 ± 0.1 10.2 ± 0.2 10.5 ± 0.1
20:2n-6 0.29 ± 0.01 0.31 ± 0.01 0.30 ± 0.01 0.25 ± 0.01 0.24 ± 0.005 0.25 ± 0.01
20:3n-6 1.8 ± 0.1 1.9 ± 0.1 1.8 ± 0.1 1.7 ± 0.1 1.7 ± 0.1 1.7 ± 0.1
20:4n-6 15.1 ± 0.5 15.8 ± 0.5 14.8 ± 0.3 16.3 ± 0.2 16.2 ± 0.2 16.0 ± 0.2
22:4n-6 2.4 ± 0.1 2.8 ± 0.1d 2.4 ± 0.1a 2.9 ± 0.1 3.0 ± 0.1 3.0 ± 0.1
22:5n-6 0.41 ± 0.03 0.55 ± 0.03e 0.54 ± 0.02f 0.54 ± 0.02 0.58 ± 0.03 0.54 ± 0.02
n-6 PUFA 27.9 ± 0.7 29.9 ± 0.6d 28.4 ± 0.4a 31.9 ± 0.2 31.9 ± 0.3 31.9 ± 0.2
18:3n-3 0.10 ± 0.01 0.09 ± 0.01 0.09 ± 0.01 0.14 ± 0.01 0.14 ± 0.01 0.15 ± 0.01
20:5n-3 0.95 ± 0.10 0.56 ± 0.06e 1.21 ± 0.12c 0.79 ± 0.04 0.75 ± 0.06d 0.78 ± 0.04
22:5n-3 2.0 ± 0.1 2.1 ± 0.1 1.9 ± 0.1 2.6 ± 0.1 2.5 ± 0.1 2.5 ± 0.1
22:6n-3 7.3 ± 0.4 6.3 ± 0.4 8.5 ± 0.5c 5.9 ± 0.2 5.5 ± 0.2 5.4 ± 0.2
n-3 PUFA 10.4 ± 0.6 9.0 ± 0.5 11.7 ± 0.6b 9.4 ± 0.2 9.0 ± 0.3 8.9 ± 0.2
n-3/n-6 2.8 ± 0.2 3.6 ± 0.2d 2.8 ± 0.3a 3.5 ± 0.1 3.7 ± 0.2 3.7 ± 0.1
20:5n-3/20:4n-6 0.063 ± 0.007 0.035 ± 0.003f 0.082 ± 0.009c 0.049 ± 0.003 0.047 ± 0.004 0.049 ± 0.003
aThe values are given as area% of all FA in the chromatogram − mean ± SE. Individual FA are named by the number of carbon atoms:number of double
bonds and the position of the last double bond. SFA, saturated FA; MUFA, monounsaturated FA. Statistical differences between groups are indicated by su-
perscript letters: aP < 0.05, bP < 0.01, and cP < 0.001 compared with the olive oil group, and dP < 0.05, eP < 0.01, and fP < 0.001 compared with the HFI
group. 



intervention were excluded from this analysis (P = 0.063). The
HFI group was intermediate with respect to LPS-induced IFN-γ
production, which was detectable in 44% of the children. LPS-
induced IL-12 production was detectable in only three children
from the FO group and one from the HFI group (Fig. 2, insert).
LPS stimulation did not result in detectable levels of IL-4 (data
not shown). The ratio of IFN-γ/IL-10 was significantly higher
in the FO group compared with that in the OO group [being
0.27 (0.04–1.11) and 0.07 (0.04–0.56), respectively (P =
0.019)]. The ratio was also significantly different in the two
randomized groups when those children who were breast-fed
<50% during the intervention period were excluded from the
analysis (P = 0.033, n = 47). The HFI group had an intermedi-
ate ratio (data not shown).

Thirty-six percent of the children were reported to have a
diagnosis of eczema, wheezing, or food allergy, and these chil-
dren were equally distributed between the three groups (Table
1). Total plasma IgE was not significantly higher in children

with a diagnosis of eczema, wheezing, or food allergy com-
pared with nondiagnosed children, although there was a trend
in that direction (P = 0.071). LPS induced detectable levels of
IFN-γ in 37% of the whole-blood cultures from diagnosed chil-
dren and 58% from nondiagnosed children (P = 0.084). There
was no significant difference between atopic and nonatopic
children with respect to LPS-stimulated production of IFN-γ
(P = 0.378), IL-10 (P = 0.782), or IFN-γ/IL-10 (P = 0.435).
Also, there was no significant association between plasma IgE
and LPS-induced IFN-γ or IL-10 production (r = 0.011,
P = 0.895 and r = 0.142, P = 0.075, respectively). No differ-
ences were observed in the FA composition of RBC from
atopic and nonatopic children at either 4 mon or 21/2 yr of age
(data not shown).

In children from the randomized groups, LPS-induced IFN-γ
production and the ratio of IFN-γ to IL-10 correlated with the
ratio of 20:5n-3 to 20:4n-6 in infant RBC (r = 0.220 and
r = 0.205, respectively; P = 0.050 and n = 44 for both). The cor-
relations between LPS-induced IFN-γ production and IFN-
γ/IL-10 and maternal RBC 20:5n-3/20:4n-6 were more promi-
nent, probably due to the higher power (n = 56; r = 0.249, P =
0.011 and r = 0.222, P = 0.016, respectively). IFN-γ/IL-10 was
also correlated with the levels of 22:6n-3 in the RBC of moth-
ers at the end of the intervention and of the randomized chil-
dren at 21/2 yr of age (data not shown). However, these correla-
tions were weaker (lower r-values and less significant), and the
RBC 22:6n-3 of both mothers and 21/2-yr-old children was as-
sociated with RBC 20:5n-3/20:4n-6 at the end of the interven-
tion (data not shown). No correlation was observed between
LPS-induced IL-10 production and any PUFA in the RBC of
the mother, infant, or child.

DISCUSSION

FO is known to be immunosuppressive and to suppress the pro-
duction of inflammatory cytokines (2). Because of such im-
munomodulatory actions of n-3 PUFA, several FO interven-
tion studies have been conducted in atopic patients. Atopy is
characterized by increased B-lymphocyte IgE-production,
which is regulated by cytokines produced by Th cells accord-
ing to the Th1/Th2 hypothesis (21). FO-supplementation stud-
ies show conflicting results regarding the effect on Th1/Th2 cy-
tokines and tend to show a limited efficacy once the allergic
immune responses are established (2). However, atopic sensiti-
zation occurs early in life; therefore, perinatal n-3 PUFA expo-
sure may affect immune maturation in infants and the risk of
subsequent disease. Several studies indicate that the develop-
ment of allergies may be associated with breast-milk PUFA
(8–10). FO-supplementation of lactating atopic mothers has
been found to reduce the prevalence of wheezing in the child
(12). To our knowledge, no other studies have assessed the po-
tential immunomodulatory function of FO supplementation in
breast-feeding mothers.

Maturation of the immune system during infancy is charac-
terized by an increase in IFN-γ production and a shift from Th2
to Th1 polarization in the immune response (1). In the present
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FIG. 2. In vitro lipopolysaccharide-stimulated cytokine production in
21/2-year-old children in the maternal dietary groups (high fish intake
and olive oil- or fish oil-supplemented). Cytokine production (pg/mL)
for each child is given as the mean of three to four values. Open and
filled symbols give control and lipopolysaccharide-stimulated values,
respectively. The solid lines indicate median values in each group (n =
23 in the high fish intake group, 23 in the olive oil group, and 34 in the
fish oil group). 



study, maternal FO supplementation increased LPS-induced
IFN-γ production. Furthermore, IL-12 was found only in chil-
dren of FO-supplemented mothers or mothers with a high fish
intake, which strengthens the IFN-γ result. No effect of FO was
observed on IL-10 production, although this had a significantly
broader distribution, but the IFN-γ to IL-10 ratio was higher
after maternal FO supplementation during lactation. Our data
indicate that an increased n-3 LCPUFA intake early in life
gives rise to faster immune maturation and is able to polarize
the immune response later in childhood toward Th1. These re-
sults are in agreement with other observations. Field et al. (5)
observed a slower maturation of the immune response in for-
mula-fed infants compared with breast-fed infants, which dis-
appeared with the addition of LCPUFA (22:6n-3 and 20:4n-6)
to the formula. Maternal FO supplementation during pregnancy
has been shown to reduce levels of IL-13 in cord plasma (6)
and to reduce the allergen-induced production of IL-10 (7).

In vitro cytokine production in whole-blood cultures of the
children in the present study was on the limit of detection,
which is a general problem in studies of young children (6,22).
We were able to detect only IL-12 in a few of the children, al-
though this may have been improved if we had primed the cells
with IFN-γ. Instead, we measured the concentration of IFN-γ,
as we had demonstrated that IFN-γ production in stimulated
whole-blood could be inhibited by the addition of anti-IL-12
antibodies (Jensen, M., Christensen, H.R., and Frøkiær, H., un-
published manuscript). Moreover, we used only one toll-like
receptor ligand to stimulate cytokine production; hence, we ex-
plored only a small potential of the immune response, and LPS
is primarily a Th1 polarizing agent. We were not able to detect
IL-4 in LPS-stimulated whole-blood samples and therefore
used IL-10, which was detectable in almost all samples, as a
Th2 marker. However, IL-10 is secreted by a wide variety of
cell types, including Th cells, monocytes, macrophages, den-
dritic cells, and mast cells. IL-10 possesses potent immune-
suppressive functions and is currently believed to drive the dif-
ferentiation of regulatory T cells. However, we found that IL-
10 tended to correlate positively with plasma IgE, which,
although not significant, may indicate that IL-10 in young chil-
dren may be a marker of Th2 response. The LPS-induced re-
sponses in IL-10 and IFN-γ production were variable. This
variability could be due to differences in cell counts of
mononuclear cells between samples, as we did not assess this.
However, it is not likely to give rise to a bias between the
groups that could explain the observations. Unfortunately, the
power of the study was not sufficient to show any difference in
the number of high and low responders between the groups, al-
though there was a trend. To overcome the differences in re-
sponse level, we focused on the ratio between the production
of IFN-γ and IL-10. In the study we used OO as a control sup-
plement. However, OO also has been suggested to have some
immunomodulatory actions and anti-inflammatory effects, and
many of the effects observed for FO are also shown for OO
(23). Accordingly, the difference between the FO group and the
control group may have been larger if we had used a more neu-
tral control oil.

A fast immune maturation and Th1 polarization could result
in better immune functioning and a decreased risk of atopic
sensitization. The study was not powered to look at atopic sen-
sitization, and no differences in atopy and plasma IgE were ob-
served between the groups. The children were not selected to
have a high risk of atopy, but the prevalence of self-reported
eczema, wheezing, or food allergy was high. Furthermore, the
study is limited by a low rate of follow-up (around 70%).
Plasma IgE is a very crude measure of atopy and does not give
an indication of allergen sensitization. Allergen-specific im-
mune responses provide information on cytokine production
by allergen-reactive cells influenced by prior antigen exposure,
whereas cytokine production after polyclonal stimulation, as in
the present study, examines the underlying predisposition of
cytokine production. This is especially important in light of the
findings that both Th1 and Th2 allergen-induced cytokine re-
sponses are increased in children with atopic disease concomi-
tant with a reduced polyclonal Th1 response (22). No associa-
tion was found between in vitro cytokine production and
plasma IgE levels; also, there was no association between IgE
and eczema, wheezing, or food allergy, although both associa-
tions tended to be positive. A weak association may not be sur-
prising considering the self-reported diagnosis and the low
power of the study with respect to atopy. Supplementation with
n-3 PUFA during pregnancy and in the first year of life has
been shown to reduce the prevalence of self-reported wheeze
symptoms, which were not associated with a decrease in serum
IgE or atopy (12). Allergic diseases may be related to a dys-
function of various IL-10-producing regulatory cells, and aller-
gen-specific IL-10 is known to be down-regulated in atopic
children (24). Low levels of IL-12 in cord blood have been as-
sociated with later IgE sensitization (25), and high-risk chil-
dren who developed clinical allergy tended to have lower
neonatal Th1 responses (26,27). It has been suggested that a
relative absence of IL-12 favors the development of a default
Th2 cytokine profile (28). Maturation of antigen-presenting
cells, and thus increased IL-12 production, is a key rate-limit-
ing step in the postnatal development of Th1 function.

The present data show that n-3 LCPUFA intake in early in-
fancy appears to be able to increase the polyclonal Th1 re-
sponse. The FO-induced changes in RBC FA composition dur-
ing the intervention were no longer evident at 21/2 yr of age.
RBC were used as a proxy for the FA composition of body tis-
sue membranes in general. Therefore, the effect of FO supple-
ments on immune function during lactation does not appear to
be mediated via membrane n-3 LCPUFA in whole-blood cul-
tures. We speculate that a long-term effect may be caused by a
shift in immune polarization during infancy, which, because of
a mutual inhibition between the Th1 and Th2 responses, is
maintained or even attenuated throughout early childhood. The
mechanism behind the immune-modulating effect of n-3 PUFA
could be mediated through changes in prostaglandin E2 (PGE2)
synthesis (2), but other mechanisms cannot be excluded. PGE2
enhances Th2 differentiation and suppresses the differentiation
of Th1 cells. In vitro studies have shown that all PGE subtypes
equipotently inhibit Th1 cytokine production (29,30), but they
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may influence the ratio of Th1 to Th2 cytokines and T cell pro-
liferation differently (29). We found an association between
IFN-γ/IL-10 and RBC 20:5n-3/20:4n-6 in RBC, thus suggest-
ing that n-3 PUFA may exert the effect on cytokine production
by competition in eicosanoid synthesis and action.

In summary, we found an increased LPS-induced in vitro
IFN-γ production and higher IFN-γ to IL-10 ratio in 21/2-year-
old children after maternal FO supplementation in lactation.
These results indicate that early n-3 PUFA intake may result in
faster maturation of the immune system and/or a TH1 polariza-
tion. An important finding of this present study is the observa-
tion that the immunomodulating effect is present 2 yr after the
supplements were given.
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ABSTRACT: In this study we examined the lymphatic transport
in rats of FA after administration of interesterified oils contain-
ing CLA, with emphasis on the location of CLA and octanoic
acid in the TAG. The oils were produced by enzymatic inter-
esterification. Eight oils with different structures or FA profiles
were examined in this study: MCM, CMC, OCO, and COC,
where M was expected to be octanoic acid and O oleic acid. In
group 1, C was CLA as a mixture of the two CLA isomers c9,t11
or t10,c12, and in group 2, C was mainly the isomer t10,c12.
Rats were subjected to cannulation of the mesenteric lymph
duct, and the following day they were intragastrically adminis-
tered one of the oils and lymph samples were collected for 24
h. The lymphatic transport of total FA from 0 to 8 h in group 1
was significantly (P < 0.05) higher for the OCO-1 and the COC-
1 oils than for the CMC-1 oil. Similarly, in group 2 the transport
was higher for the OCO-2 oil than for the CMC-2 oil. The re-
covery of both of the CLA isomers examined was similar
(50–70%) and independent of the isomer, oil structure, and FA
profile, whereas more octanoic acid was recovered from the
CMC oils than from the MCM oils. The results indicated that the
FA profiles and the position of octanoic acid had only a minor
influence on the absorption of CLA.

Paper no. L9717 in Lipids 40, 677–684 (July 2005).

CLA is a collective term for several conjugated isomers of
linoleic acid that differ in the geometry and position of the dou-
ble bonds. The CLA isomer c9,t11 is the major isomer occur-
ring naturally in food, mainly in milk fat and meat from rumi-
nants (1), whereas the t10,c12 isomer is naturally present in
much lower amounts in food products. Furthermore, CLA is
produced by alkaline isomerization of linoleic acid (e.g., saf-
flower, sunflower, or soybean oil). The resulting oil contains
60–80% CLA, dominated by the two isomers c9,t11 and

t10,c12 (50:50) (2). These isomers have been reported to have
various health-related benefits (3), including anticarcinogenic,
antiatherosclerotic, lean body mass enhancing-, and immune
function-enhancing effects, while also reducing inflammation
and reducing body fat and diabetic symptoms in some animal
models (4).

Dietary TAG are hydrolyzed in humans by gastric (5) and
pancreatic lipases (6) in the stomach and duodenum, respec-
tively, by specific hydrolysis of the sn-1/3 ester bonds. The hy-
drolysis results in the formation of sn-2-MAG and FFA. The
nature of the FA in the TAG molecule determines the hydroly-
sis rate, and some experiments have shown that medium-chain
FA (MCFA) are hydrolyzed faster than highly unsaturated
long-chain FA (LCFA) (7–9). The sn-2-MAG is absorbed in-
tact into the enterocytes (10,11), whereas the FFA are absorbed
either directly into the portal blood (mostly short-chain FA and
MCFA) or, together with the sn-2-MAG, into the enterocytes.
In the enterocytes, sn-2-MAG are reesterified with exogenous
as well as endogenous FA to form a new pool of TAG, packed
into chylomicrons, and secreted into the lymphatic duct (12).
Therefore, the intramolecular TAG structures play important
roles in the absorption of fat. Studies have shown that CLA
c9,t11 is absorbed better from the sn-1/3-positions than from
the sn-2-position of the TAG molecules (13). In milk (14) and
meat from ruminants (15,16), CLA c9,t11 is primarily located
in the outer positions, indicating that the CLA in these prod-
ucts is well absorbed.

Structured lipids are synthesized either by chemical or en-
zymatic interesterification (17). The advantage of enzymatic
interesterification is the specificity of the enzyme to generate
TAG molecules with a well-defined structure. Structured TAG
containing MCFA in the outer positions and LCFA in the sn-2-
position combine the advantages of rapid intestinal hydrolysis
of MCFA as well as being a source of LCFA. Oils with this
kind of structure were shown to be absorbed faster and to a
higher degree than oils containing only LCFA in normal-, but
especially in malabsorbing, rats (18–20). Furthermore, the ab-
sorption of the FA located in the sn-2-position of the structured
oil was also increased. This may be explained by a faster hy-
drolysis in the intestine of MCFA when located in the sn-1/3-
positions compared with LCFA (7,9). The advantage of spe-
cific structured oils with MCFA in the sn-1/3-positions was
used to improve the fat uptake, and thereby energy intake, and
to increase nitrogen digestibility in weanling piglets (21).

Because of the reported health-related benefits of CLA, it is
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of major interest to maximize the uptake of the CLA ingested.
We examined the possibility of enhancing the absorption by in-
corporating CLA into oils with different structures and FA pro-
files, including MCFA. The study was carried out in rats with
normal absorption, mainly with emphasis on investigating the
absorption of the two CLA isomers c9,t11 and t10,c12, but also
that of other FA. Dietary fats were produced by enzymatic in-
teresterification of either an oil containing a mixture of the two
isomers c9,t11 and t10,c12 or one with t10,c12 as the major
CLA isomer.

MATERIALS AND METHODS

Interesterified oils. The conjugated trilinoleylglycerol (CLA), a
mix of c9,t11 and t10,c12 (75% TAG), and t10,c12 (75%
TAG), as well as a mix of c9,t11 and t10,c12 (80% FFA) and a
product enriched with t10,c12 (80% FFA) were kindly donated
by Natural Lipids Ltd. A/S (Hovdebygda, Ålesund, Norway).
Octanoic acid (8:0) was purchased from Brøste A/S (Lyngby,
Denmark), trioctanoin (Myritol 888) was from Cognis Japan
Ltd. (Shinagawaku, Tokyo, Japan), oleic acid (95%) was from
AppliChem GmbH (Darmstadt, Germany), and high-oleic sun-
flower oil was from Aarhus United A/S (Aarhus, Denmark).
Novo Nordisk A/S (Bagsværd, Denmark) donated the
Lipozyme IM, in which an sn-1/3-specific lipase from Rhi-
zomucor miehei was immobilized on a macroporous ion resin.

For the survey, eight dietary groups were divided into two
groups: group 1—MCM-1, CMC-1, OCO-1, COC-1; and
group 2—MCM-2, CMC-2, OCO-2, and COC-2. C was CLA,
O was oleic acid (18:1n-9), and M was 8:0. Group 1 contained
both the CLA isomers c9,t11 and t10,c12, whereas the CLA in
group 2 was primarily the t10,c12 isomer.

The four different oils containing CLA as a mix of c9,t11
and t10,c12 were produced by enzymatic interesterification in
a packed-bed reactor (22). The substrate mixture had a molar
ratio of 6:1 (FFA/TAG) and a water content adjusted to 0.09%.
A constant reactor temperature of 60°C was maintained by cir-
culating water between the inner and outer tube of the reactor.
CLA, as a mix of c9,t11 and t10,c12, was used as a substrate in
the production of the MCM-1 and OCO-1 oils. Trioctanoin and
sunflower oil were used to produce the CMC and COC oils (O
was 18:1n-9), respectively. The FFA, either as the CLA mix,
8:0, or 18:1n-9, was spontaneously esterified in the sn-1/3-po-
sitions because of their abundance in the reaction mixture. A
two-step short-path distillation process was used to separate
FFA from TAG in the interesterification products.

The four different oils containing CLA as t10,c12 were pro-
duced by enzymatic interesterification in a batch reactor (23).
CLA t10,c12, as TAG and FFA, was not available in quantities
necessary for packed-bed reactor interesterification. The sub-
strate molar ratio and water content were as described for the
packed-bed reactor interesterification. The enzyme Lipozyme
IM was added to the reaction flask as 15% (wt) on a total sub-
strate basis. The reaction proceeded for 10 h with magnetic stir-
ring in a 55°C water bath. The enzyme resin was removed by
filtration through sterile, degreased cotton wool, and the prod-

ucts were sparged with nitrogen and stored at −20°C until dis-
tillation.

The interesterified products were distilled to separate the
FFA from the TAG. Interesterification products with a mixture
of 8:0, CLA, and 18:1n-9 FFA were distilled by a two-step
short-path distillation process. The 8:0 evaporated at 90–100°C
and the LCFA at 190°C under vacuum (10−3 mbar).

Lipid analysis. FAME were prepared from oil dissolved in
heptane by transesterification catalyzed by KOH in methanol
(24). To determine the FA profiles, lipids from lymph samples
were extracted according to the method of Folch et al. (25) and
transmethylated to FAME as described above. FAME were an-
alyzed by GLC using a Hewlett-Packard 5890 series II chro-
matograph with an FID (Hewlett-Packard GmbH, Ingelsheim,
Germany), and a fused-silica capillary column (SP-2380, 60
m, i.d. 0.25 mm, 0.2 µm film thickness; Supelco Inc., Belle-
fonte, PA). The temperature of the injector and FID was 270°C.
A split (1:11) injection mode was used. The carrier gas was he-
lium with a column flow of 1.2 mL/min. The initial oven tem-
perature was 70°C for 0.5 min, and the temperature program-
ming was as follows: a rate of 15°C/min to 160°C; 1.5°C/min
to 200°C, which was maintained for 15 min; and finally
30°C/min to 225°C, which was maintained for 5 min.

Regiospecific analysis of the structured oils was performed
by degradation with allylmagnesium bromide as Grignard
reagent (26). The sn-2-MAG fraction was isolated by TLC on
boric acid-impregnated plates developed twice (2 × 60 min) in
chloroform/acetone (90:10 vol/vol), transesterified into FAME,
and analyzed by GLC as described above. The FA profiles of
TAG and sn-2-MAG are listed in Table 1.

TAG species of the oils were analyzed by RP-HPLC. A
high-performance liquid chromatograph (JASCO Corporation,
Tokyo, Japan) was used with two pumps, a solvent-mixing
module, an autosampler, and an ELSD (Sedere, Alfortville,
France) operated at 40°C at a gas pressure of 2.2 bar. The sepa-
ration was performed on a Supelcosil LC-C18 column (l = 25
cm, i.d. = 4.6 mm, particle size = 5 µm; Supelco Inc., Belle-
fonte, PA) with a binary solvent system of acetonitrile (solvent
A) and isopropanol/hexane (solvent B, 2:1 vol/vol) (27). A lin-
ear gradient of solvent B from 25 to 40% for 15 min, followed
by an increase to 45% for another 25 min was applied at a flow
rate of 1 mL/min. The structured lipid samples were dissolved
in chloroform, and 10-µL aliquots were injected for analysis.
The TAG species were expressed in terms of relative percent-
ages of the total TAG after normalization to 100.

TAG species were identified by their equivalent carbon
numbers (ECN) and confirmed by LC-MS (HP 1100 Series
LC/MSD system; Hewlett-Packard, Waldbronn, Germany) as
described by Mu and Høy (28). The column and solvents were
as described above. Separation occurred according to chain
length and saturation of the acyl chains; for example, it was im-
possible to distinguish between linoleic acid and CLA. How-
ever, only a small amount of linoleic acid was present in the
substrates and products as determined by GLC (Table 1). The
TAG species are listed in Table 2.

Animals. The experiment was performed with male Wistar
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rats (Taconic M&B, Ll. Skensved, Denmark). The animals
were acclimatized for a minimum of 10 d. They were housed
in polyethylene cages, each with 2 rats, and fed a commercial
pelleted rat diet (Altromin no. 1324; Chr. Petersen A/S, Ring-
sted, Denmark) containing approximately 4 wt% fat. The feed
was removed just prior to surgery. The room was illuminated
to give a cycle of 12 h light and 12 h darkness, and the temper-
ature control was 21 ± 3°C and RH 55 ± 15%. At the time of
surgery, the rats weighed 292 ± 2.3 g (mean ± SEM).

Collection of lymph. The Danish National Committee for
Animal Experiments approved the experiment.

Rats were anesthetized intramuscularly with a combination
of zolazepam, xylaxin, and butorphanol (Zoletil solution 0.06
mL/100 g; Royal Veterinary and Agricutural University, Fred-
eriksberg, Denmark), and were subjected to cannulation of the
main mesenteric lymph duct (29) with clear vinyl tubing (i.d.
0.5 mm, o.d. 0.8 mm; Dural Plastics and Engineering, Crictley
Electrical Products Pty. Ltd., NSW, Australia). A gastrostomy
tube (silicone tubing i.d. 1.0 mm, o.d. 3.0 mm; Polystan, Vær-
løse, Denmark) was inserted 2 cm into the fundus region of the
stomach and fixed with a purse-string suture. After surgery the
rats were placed in individual restraining cages (30) and given
0.05 mL of a 5 mg/mL atipamezol solution (Antisedan, Orion,
Espoo, Finland). They were kept hydrated by infusion of 2
mL/h of a saline–glucose solution (0.15 M NaCl + 4 mM KCl
+ 0.28 M glucose) administered through the gastrostomy tube
and with free access to drinking water. Six hours after surgery
and during the experiment, the rats received 0.3 mL of a 5
mg/mL carprofen solution (Rimadyl® Vet; Vericore Ltd,
Dundee, Scotland) and 0.2 mL of a 5 mg/mL diazepam solu-

tion (Stesolid; Dumex-Alpharma A/S, Copenhagen, Denmark)
to reduce pain and stress.

The rats recovered from surgery overnight. The following
day, 270 mg of test oil was administered as a bolus through the
gastrostomy tube followed by 0.5 mL of saline. One-hour lymph
samples were collected from –1 h (i.e., 1 h prior to fat adminis-
tration) to 8 h, one sample was collected from 8 to 23 h, and a
23- to 24-h sample was collected. The lymph was collected at
room temperature in nontransparent tubes containing 100 µL
(700 µL for overnight fractions) 10% (wt/vol) Na2EDTA·2H2O
solution. The samples were stored at −20°C until analyzed.

Statistical analysis. Results are expressed as mean ± SEM.
The incremental area under the curve from 0 to 8 h [IAUC,
using the trapezoidal rule (31)] was used to compare lymphatic
transport among the groups.

Recoveries of total and individual FA were calculated using
an internal standard (TAG 15:0, added to lymph samples be-
fore extraction). The recovery was calculated as the amount of
a FA found in lymph divided by the amount of the same FA in
the oil, multiplied by 100. By doing this, differences in CLA
and 8:0 contents between the oils were eliminated. The recov-
ery calculations included a contribution of endogenous FA
transported in the lymph; thus, recoveries could exceed 100%.
Significant differences among groups of IAUC and recoveries
were determined using one-way ANOVA. A Newmann–Keuls
multiple comparison test was used to determine the exact na-
ture of the differences. The computer program, GraphPad
PRISM (version 3.02; GraphPad Software, San Diego, CA)
was used for all calculations. The level of statistical signifi-
cance was P < 0.05.
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TABLE 1
FA Profiles (in mol%) of TAG and 2-MAG of Structured Oils Containing CLAa

Group 1 Group 2

FA MCM-1 CMC-1 OCO-1 COC-1 MCM-2 CMC-2 OCO-2 COC-2

mol%
TAG
8:0 23.5 44.2 —b — 28.1 35.9 — 0.2
16:0 3.2 2.1 4.4 3.3 0.0 0.2 2.0 1.6
18:0 1.1 0.6 1.7 2.6 0.0 0.1 0.9 2.2
18:1n-9 10.2 7.1 36.6 52.0 0.7 1.5 33.8 47.4
18:2n-6 1.0 0.7 7.0 4.1 0.0 0.4 7.3 3.6
CLA c9,t11 28.3 22.1 22.4 18.0 2.1 2.1 1.6 1.4
CLA t10,c12 29.4 20.9 23.0 17.0 68.2 58.4 51.1 41.9
Others 3.3 2.3 4.9 3.0 0.8 1.5 3.3 1.7
Total CLA 57.7 43.0 45.4 35.0 70.3 60.5 52.7 43.3

sn-2-MAG
8:0 1.6 89.6 0.1 0.2 1.2 87.1 — —
16:0 4.4 0.5 5.8 0.5 0.1 0.2 0.6 0.4
18:0 1.8 0.2 1.8 0.3 0.0 0.1 0.3 0.4
18:1n-9 15.4 2.0 18.4 87.7 1.2 2.1 9.2 88.1
18:2n-6 1.4 0.2 2.0 6.4 0.0 1.3 1.7 6.3
CLA c9,t11 34.9 3.8 33.4 2.1 3.0 0.3 2.7 0.2
CLA t10,c12 35.5 3.1 33.9 2.0 93.0 7.7 83.8 4.6
Others 5.0 0.6 4.6 0.8 1.5 1.2 1.7 0.1
Total CLA 70.4 6.9 67.3 4.1 96.0 8.0 86.5 4.8

aFA profiles of total TAG and sn-2-MAG of enzymatically interesterified oils: C in group 1 is a mixture of CLA c9,t11
and CLA t10,c12, and C in group 2 is mainly CLA t10,c12; M is 8:0 and O is 18:1n-9.
bA dash (—) indicates “not detected.”



RESULTS

FA profiles of interesterified oils. FA compositions of TAG and
sn-2-MAG of the interesterified oils are shown in Table 1. CLA
in four of the oils was a mixture of the two isomers c9,t11 and
t10,c12 (MCM-1, CMC-1, OCO-1, and COC-1; group 1),
whereas in the other four oils CLA was primarily the isomer
t10,c12 (MCM-2, CMC-2, OCO-2, and COC-2; group 2). The
total content of CLA in the oils containing both CLA and
MCFA was 57.7, 43.0, 70.3, and 60.5 mol% in MCM-1, CMC-1,
MCM-2, and CMC-2, respectively, and the content of CLA in
the sn-2 position was 70.4, 6.9, 96.0, and 8.0 mol%, respec-
tively. Similarly, for the oils containing CLA and 18:1n-9, total
CLA was 45.4, 35.0, 52.7, and 43.3 mol% for OCO-1, COC-1,
OCO-2, and COC-2, respectively, and in the sn-2-position the
content was 67.3, 4.1, 86.5, and 4.8 mol%, respectively. These
were not the expected results for the oils, but the compositions
of the sn-2-FA show that a large part of the CLA in the MCM
and OCO oils was located in this position, whereas this was 8
mol% or less in the CMC and COC oils. However, owing to a
high (MCM and OCO oils) and respectively low (CMC and
COC oils) total CLA incorporation, the content of CLA in the
outer positions of the MCM and OCO oils was higher and those
of CMC and COC were lower than expected.

TAG species. The TAG species of the oils are listed in Table
2, and a chromatogram of the TAG species in the CMC-2 oil is
shown in Figure 1. The original TAG, which was CCC for the
OCO-1 and OCO-2 oils and OOO for the COC-1 and COC-2
oils, represented 3–17% of the product highest in COC-1 and
lowest in COC-2, whereas MMM, the original TAG of the CMC

oils, constituted only 0.8%. In the OCO-1 oil, 31% was the de-
sired TAG species (COO), and 38% was the CCO species. Simi-
larly, for the COC-1 oil 30% was the desired product (CCO) and
30% was the COO species. The MCM-1 production resulted in
a wide range of TAG species, with 12% MMC. The analyses of
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TABLE 2
TAG Species of the Enzymatically Interesterified Oils Containing CLAa

Group 1 Group 2

ECN TAG species MCM-1 CMC-1 OCO-1 COC-1 MCM-2 CMC-2 OCO-2 COC-2

area%
24 8:0/8:0/8:0 0.1 0.8 —b — 0.8 0.2 — —
30 8:0/8:0/18:2 12.0 26.4 — — 24.0 38.6 — —
32 8:0/8:0/18:1 1.4 13.2 — — — 0.2 — —
34 8:0/16:0/8:0 0.3 3.1 — — — — — —
36 8:0/18:2/18:2 25.3 33.0 — — 40.2 51.0 — —
38 8:0/18:2/18:1 15.9 17.3 — — 0.5 1.5 — —
38 8:0/18:2/16:0 3.5 3.0 — — 0.1 0.2 — —
40 8:0/16:0/18:1 0.7 0.5 — — — 0.5 — —
42 18:2/18:2/18:2 24.4 1.0 13.2 2.3 33.1 5.9 7.9 27.3
44 18:2/18:2/18:1 11.2 0.4 38.8 31.0 — — 29.7 34.5
44 16:0/18:2/18:2 2.4 — 3.7 0.8 — 0.2 — 3.8
46 18:2/18:1/18:1 1.2 — 31.2 30.8 — — 27.7 26.3
46 16:0/18:2/18:1 0.3 — 6.0 5.7 — — 4.9 3.4
48 18:1/18:1/18:1 — — 4.3 17.3 — — 14.4 2.9
48 16:0/18:1/18:1 — — 1.3 — — 0.2 7.0 0.3
48 16:0/16:0/18:1 — — — 3.5 — — 1.2 —
50 18:0/18:1/18:1 — — — 2.1 — — 1.6 —
50 16:0/18:0/18:1 — — — 2.1 — — — —
52 18:0/18:0/18:1 — — — 1.6 — — 2.7 —
52 16:0/18:0/18:0 — — — 1.3 — — 1.4 —
aTAG species of the eight enzymatically interesterified oils: C in group 1 is a mixture of CLA c9,t11 and CLA t10,c12,
and C in group 2 is mainly CLA t10,c12; M is 8:0 and O, 18:1n-9. ECN, equivalent carbon number.
bA dash (—) indicates “not detected.”

FIG. 1. Chromatogram of TAG species of the CMC-2 oil analyzed by
reversed-phase HPLC. CMC, structured TAG with CLA primarily in the
sn-1/3-positions and 8:0 in the sn-2-position.



the oils in group 2 showed that the desired TAG species in the
MCM-2, CMC-2, OCO-2, and COC-2 oils constituted, respec-
tively, 24 (MMC), 51 (MCC), 27 (COO), and 34% (CCO) of the
total species.

Lymphatic transport. The lymphatic transport of total FA
showed a slow increase from the time of oil administration to
1 h after oil administration (Fig. 2). The increase continued at
a higher rate from 1–2 h, with the maximum transport appear-
ing between 2 and 6 h for group 1 and between 2 and 3 h for
group 2, followed by a slower decrease toward baseline in
both groups. The lymphatic transport of total FA measured as
the IAUC in group 1 was significantly higher in rats fed
OCO-1 and COC-1 compared with rats fed CMC-1 (P <
0.05), and tended to be higher in rats fed MCM-1 than rats
fed CMC-1 (P = 0.08, Fig. 2A). In group 2 the total FA trans-
port was similar except for OCO-2, which had a higher trans-
port of total FA than CMC-2 (P < 0.05, Fig. 2B). After 24 h,

the lymphatic transport of total FA in all groups had returned
to baseline.

Recoveries. In group 1 the recovery of total FA tended to be
lower in the lymph fractions after 6 and 7 h (P < 0.1) and was
significantly lower at 8 h (P < 0.05) in the CMC-1 group than
in the OCO-1 and COC-1 groups. In the other lymph fractions
and among the other groups, the recoveries of total FA were
similar (Fig. 3A). The recoveries of the individual CLA iso-
mers (c9,t11 and t10,c12) were similar in all groups at 24 h. At
8 h, however, the recovery of each of the two isomers tended
to be lower in the CMC-1 than in the COC-1 (P < 0.1).

In group 2 the recoveries of total FA were significantly dif-
ferent from 4 to 8 h (P < 0.05) between the CMC-2 and OCO-2
groups, whereas the recoveries of both CLA c9,t11 and CLA
t10,c12 tended to be different between the CMC-2 and OCO-2
groups (P < 0.09) after 4 h. At 24 h the recoveries of CLA
c9,t11, CLA t10,c12, and total FA were similar both in group 1
and group 2—between 50 and 70% for CLA and 70 and 115%
for total FA (Fig. 3).

The recovery of 8:0 differed among groups depending on
the TAG structure (Fig. 4). The recovery of 8:0 was similar in
all four groups until 5 h after oil administration, after which the
curves diverged; CMC-1 and CMC-2 continued to increase
slowly, whereas the curves for MCM-1 and MCM-2 did not in-
crease further from 4 h after oil administration. The highest re-
covery was observed when CMC was administered to the rats,
which was about 12–13% compared with only about 4–5% in
the MCM groups after 24 h. Already after 6 h, significant dif-
ferences appeared among groups fed the two oil types (P <
0.05).

DISCUSSION

The recoveries of the two CLA isomers, c9,t11 and t10,c12,
were similar during 24 h, independent of the FA profile of the
TAG, demonstrating that TAG containing CLA were well hy-
drolyzed and absorbed in the intestines of rats with normal ab-
sorption. However, there was a tendency for CLA from an oil
containing MCFA primarily in the sn-2-position (CMC oils) to
be transported more slowly than CLA from an oil containing
only LCFA (OCO-1, COC-1, and OCO-2 oils). This difference
in the recovery of FA was significant for total FA, especially
after 4 h, as observed in group 2, and was probably not due to
the hydrolysis rate of the TAG, because the difference did not
occur until after 4 h. In the intestine, the TAG are hydrolyzed
to sn-2-MAG and FFA. In LML oils (where L is LCFA) the
MCFA in the sn-2-position tends to migrate to the sn-1/3 posi-
tions of the TAG (32,33) and then is substrate for the pancre-
atic lipase. The products of hydrolysis will be three FFA and
glycerol instead of 2-MAG and two FFA. This results in a lack
of 2-MAG for the resynthesis of TAG in the enterocytes and a
delayed or lower absorption of the fat, a tendency we saw in
our study for the CMC oils both in lymphatic transport and re-
coveries. Jensen et al. (34) reported that the conservation of
MCFA in the sn-2-MAG after absorption was about 40%,
whereas Åkesson et al. (35) reported that this was 75% for

LYMPHATIC TRANSPORT OF CLA 681

Lipids, Vol. 40, no. 7 (2005)

FIG. 2. Lymphatic transport of total FA over 24 h in rats administered
enzymatically interesterified oils: MCM, CMC, OCO, and COC, with M
as 8:0 and O as 18:1n-9. In group 1, C was CLA as a mixture of the two
CLA isomers c9,t11 or t10,c12, and in group 2, C was mainly the iso-
mer t10,c12. (A) Incremental area under the curve (IAUC) for 0–8 h was
significantly higher in the OCO-1 and COC-1 groups than in the CMC-1
group (P < 0.05), n = 4–5. (B) IAUC for 0–8 h was significantly higher in
the OCO-2 group compared with the CMC-2 group (P < 0.05), n = 5–6.
MCM, structured TAG with the major proportion of CLA in the sn-2-po-
sition and 8:0 in the sn-1/3-positions; OCO, structured TAG with CLA
primarily in the sn-2-position and 18:1n-9 in the sn-1/3-positions;
COC, structured TAG with the major proportion of CLA in the sn-1/3-
positions and 18:1n-9 in the sn-2-position; for other abbreviation see
Figure 1.



LCFA. Jensen et al. (34) used a mixture of MCFA containing
twice as much 8:0 as 10:0, and Mu and Høy showed that 10:0
was transported by the lymph in rats to a higher degree than 8:0
(36). In the present study the conservation of the sn-2-MAG
FA from CMC oils may therefore be less than 40%. This was
supported by the 12% recovery of 8:0 in the lymph after 24 h.
When sn-2-MAG is lacking for the resynthesis of TAG, the
pathway shifts from the sn-2-MAG pathway to the glycero-3-
phosphate pathway, which uses glycerol and three FFA to syn-
thesize TAG in the intestine (37). This pathway, however, has
to be up-regulated before resynthesis can occur, resulting in
slower formation of TAG and therefore a slower secretion of
chylomicrons into the bloodstream.

In agreement with our results, Ikeda et al. (20) observed a
higher lymphatic transport of 8:0 when it was present in the sn-
2-position of the TAG than when it was located in the outer po-
sitions. Furthermore, they observed a similar absorption of
linoleic acid following administration of MLM, LML, or LLL
oils to rats with normal absorption.

Because MCFA (as 8:0 and 10:0) as FFA are transported pri-

marily via the portal vein (38) to the liver, structured fats con-
taining MCFA in the outer positions of the TAG molecules will
be short of FFA for TAG resynthesis after hydrolysis. This re-
sults in an increased utilization of endogenous FA for TAG
resynthesis in the enterocytes, and may delay the lymphatic
transport of exogenous fat (18). These observations were em-
phasized by the present study, since we recovered only 4–5%
8:0 in the lymph after administration of the MCM oil. A recent
study by Porsgaard et al. (39) showed a faster in vitro pancre-
atic lipase hydrolysis of fish oil compared with MLM and LML
oils containing n-3 long-chain PUFA. This correlated well with
a faster absorption of the fish oil compared with the two struc-
tured oils, and the authors concluded that the absorption was
highly influenced by the lipase hydrolysis rate. These results
are partly in agreement with the present results; however, we
observed similar recovery of the different oils after 4 and 8 h,
with a tendency toward lower recovery of the CMC oil. These
discrepancies may be due to all our oils being interesterified,
whereas the LLL oil in the experiment by Porsgaard et al. used
natural fish oil.
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FIG. 3. Lymphatic recovery of total FA, CLA c9,t11, and CLA t10,c12 from oils containing M as 8:0 and O as 18:1n-9. (A) C was a mixture of CLA
c9,t11 and CLA t10,c12, and (B) C was primarily CLA t10,c12. Curves with different letters at similar time points are significantly different (P <
0.05), and curves without letters are similar to the other curves. n = 4–6. For abbreviations see Figures 1 and 2.



A previous study (13) showed that CLA c9,t11 is absorbed
better from the sn-1/3-positions than from the sn-2-position.
Our results cannot confirm these observations, probably be-
cause our oils with the majority of CLA in the sn-2-position
had a relatively high content of CLA in the sn-1/3-positions
compared with CLA in the sn-2-position. However, the oils
with CLA located in the sn-1/3-positions (CMC and COC oils)
contained only small amounts of CLA in the sn-2-position.
Furthermore, in the study by Chardigny et al. (13), absorption
and excretion were measured as radioactivity, which is a very
sensitive method.

We observed recoveries of CLA of 50–70%, which is lower
than the recovery of oleic acid (86.5%) observed by Yanagita
et al. (40) in thoracic lymph duct-cannulated rats. However, the
recovery of 50–70% of the two CLA isomers after 24 h was
similar to the recovery of linoleic acid (41,42) and was similar
in all groups. Therefore, the FA and the position of CLA in the
TAG did not seem to influence the absorption and transport of
CLA on a long-term basis (24 h) in rats with normal absorp-
tion. Furthermore, these results showed no discrimination in
the absorption of the two CLA isomers. The incorporation of
the two CLA isomers into tissues has been shown to be selec-
tive, with a preference for the incorporation of CLA c9,t11
compared with CLA t10,c12, but this discrimination was not
observed in enterocytes of rats fed a butter-rich diet and there-
fore probably did not appear before the absorption was finished
and when FA had reached the blood circulation (Lund, P., Se-
jrsen, K. and Straarup, E.M., unpublished results). Our obser-
vation is in accordance with that of Martin et al. (40), who
found that the two main CLA isomers (c9,t11 and t10,c12)
were equally well transported through the lymphatic pathway
when administered as TAG.

On the other hand, the position of 8:0 in the TAG influenced
the lymphatic transport of 8:0, as shown by the higher recov-
ery of this FA when administered as CMC oils compared with

MCM oils. In agreement with the foregoing discussion, this
shows that the sn-2-MAG MCFA was preserved to some ex-
tent and not fully hydrolyzed in the CMC oils.

A specific structure of the TAG with MCFA in the outer po-
sitions and LCFA in the sn-2-position has previously been
shown to improve the absorption of fat in malabsorbing and, to
some degree, in normal rats (18,19). However, the specificity
of the oil is very important for absorption; the best results were
obtained with most of, or preferably all, the MCFA located in
the sn-1/3-positions and the LCFA in the sn-2-position. Fur-
thermore, the effect of structure was mainly observed in mal-
absorption, where the sn-3-specific gastric lipase with a prefer-
ence for short and MCFA may play an important role (5). As
previous studies (20,43) show, the structure of TAG is almost
without importance for the absorption of specific FA (e.g.,
CLA, n-3) under normal absorption conditions when MCFA
are present in the outer positions of the TAG molecules,
whereas when they are present in the sn-2-position, the ten-
dency was for the absorption to be slowed or even decreased.
We observed no differences in the absorption of CLA from our
oils, although the CMC and COC, compared with the OCO,
had different structures regarding the position of CLA in the
TAG, with very little CLA in the sn-2-position of the former
oils. However, structured TAG containing MCFA in the outer
position may increase the uptake of FA, e.g., as in LCFA as
EFA, in malabsorption conditions, and could therefore be of
great importance in the clinical treatment of these patients.
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ABSTRACT: This study determined the effects of lead exposure
during the lactational period on maternal organ FA compositions
in rat dams that were fed either an n-3 adequate (n-3 Adq) or de-
ficient (n-3 Def) diet prior to conception. On giving birth, dams
were subdivided into four groups in a 2 × 2 design with n-3 FA
supply and Pb exposure as the dependent variables. Pb acetate
(0.2 wt%) was administered in the drinking water from the time
they gave birth to weaning 3 wk later. Following weaning, the
dams were decapitated. and the liver, plasma, kidney, brain, and
retina analyzed for FA composition. The n-3 deficient diets
markedly decreased the percentages of total n-3 FA, including
docosahexaenoic acid (DHA), and increased total n-6 FA includ-
ing both arachidonic (AA) and n-6 docosapentaenoic acids in all
tissues (P < 0.05). The principal effects of Pb occurred in the liver
and plasma, where 20–32% losses in total FA concentration con-
current with increased relative percentages of AA (P < 0.05) were
observed. In kidney, the percentages of AA and DHA also in-
creased after Pb exposure (P < 0.05) with lesser effects in the ner-
vous system. There was a diet × Pb interaction for liver, plasma,
and retinal 20-C n-6 PUFA (P < 0.05). Generally, shorter-chain
saturated and monounsaturated FA concentrations were de-
creased after Pb exposure. An analysis of the changes in the tis-
sue concentrations induced by Pb indicated that the increases in
the percentages of PUFA likely reflected a preferential loss of non-
EFA. The mechanisms by which Pb affects saturated and mo-
nounsaturated FA concentration are unknown.

Paper no. L9720 in Lipids 40, 685–693 (July 2005).

Recent experiments from our laboratory have tested the hy-
pothesis that dietary deficiency in n-3 FA may worsen the im-
pact of other developmental challenges. More specifically, the
hypothesis tested was that low dietary intakes of n-3 FA during
fetal and postnatal growth would worsen performance on be-
havioral tasks in animals exposed to high levels of lead (Pb)

via lactation (1). Both Pb exposure (2) and a lower n-3 intake
(3,4) are developmental risks that frequently occur together in
lower income, urban populations, and so a lower n-3 FA status
may exacerbate adverse effects of Pb. Or, from a different per-
spective, higher n-3 status may serve to counteract some of the
adverse effects of Pb on neurodevelopment. A deficit in n-3 FA
intake during the fetal or early postnatal period leads to a loss
of brain DHA and suboptimal nervous system development as
reflected by poorer performance in a variety of behavioral tasks
(5–7). Similarly, Pb exposure during early development leads
to a variety of neurodevelopmental abnormalities (8–10).

In the experiments of Lim and colleagues, rat pups lactating
to dams receiving Pb in their drinking water were examined
both for performance on spatial tasks and olfactory discrimina-
tions (1) and for the FA compositions of various organs (11).
Although both Pb exposure and DHA deficiency led to poorer
performance in the probe trial of the Morris water maze and in
the olfactory reversal task, no protective effect of higher n-3
FA intake was apparent. It was also observed, in the acquisi-
tion of two-odor olfactory discriminations, that Pb exposure
and n-3 FA deficiency led to behavioral deficits and produced
additive effects. Even though Pb exposure was discontinued at
3 wk of age, some of the effects on organ FA compositions
noted at weaning persisted until adulthood. At weaning, the
liver was the most affected organ: total FA concentrations were
decreased by 56% after Pb exposure. The percentages of liver
arachidonic acid (AA, 20:4n-6) and DHA (22:6n-3) were in-
creased but the tissue concentrations were not different after
Pb exposure as non-EFA were lost.

In these previous experiments, pups were exposed to Pb in-
directly, as Pb was administered to the dams in drinking water
during the lactational period. In the present study, our aim is to
examine the direct effects of both dietary deficiency in n-3 FA
and Pb exposure on the dam tissues with respect to their FA
compositions. A 2 × 2 study design was implemented with Pb
and n-3 FA as the dependent variables and with FA analyses
performed for plasma, brain, retina, liver, and kidney.

MATERIALS AND METHODS

Animals and study design. Animals were bred and raised as
previously described (1). Briefly, 120 Long-Evans female rats
(F1) were raised from 3 wk of age on either an n-3 FA adequate
(n-3 Adq) or n-3 FA deficient (n-3 Def) diet (see the following
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section). At birth, half of the dams (F1) in each dietary group
were given either a 0.2% by weight lead acetate trihydrate so-
lution or a 0.2% by weight solution of sodium acetate (Aldrich
Chemical Company, Milwaukee, WI) for their drinking water.
This dose was similar to that given in previous studies (12–14).
These solutions were maintained for their drinking water until
the pups (F2) were weaned at postnatal day 21. The four groups
of dams were designated as n-3 Adq-Na, n-3 Adq-Pb, n-3 Def-
Na, and n-3 Def-Pb to identify the n-3 FA intake in the diet (n-
3 Adq or n-3 Def) and treatment with either Pb acetate (Pb) or
sodium acetate (Na). Pb exposure was discontinued after wean-
ing (day 21), and the dams were sacrificed 4 d later on postna-
tal day 25. Generally, 6 dams were used per group. This exper-
imental protocol was approved by the Animal Care and Use
Committee of the NIAAA, NIH.

Experimental diet. The experimental diets (Table 1), n-3
Adq and n-3 Def, were based on the AIN-93G formulation (15)
with several modifications to obtain the extremely low n-3 FA
level required in this study. Custom pelleted diets were com-
mercially prepared using a cold-pressing process to preserve
PUFA (Dyets, Bethlehem, PA). The critical difference between
the n-3 Adq and n-3 Def diets was the presence of the n-3 FA,
α-linolenic acid (LNA) and DHA. The total fat content in both

diets was 10 wt%, and the amount of LNA in the n-3 Def and
n-3 Adq diets was 0.09 and 3.0% of total FA, respectively, with
the n-3 Adq diet also containing 1.45% DHA. There was no
difference in linoleic acid (LA) content between the two diets.

Lipid composition. Shortly after weaning, the dams (now 18
wk of age) were decapitated, and their organs (brain, liver, and
kidney) were weighed and quickly frozen (−80°C) for subse-
quent analyses for lipid composition. Blood was collected into
centrifuge tubes containing EDTA (10.8 mg/tube) and immedi-
ately centrifuged at 1000 × g at 4°C, and the plasma was re-
moved for analysis. The Pb concentration was measured by a
commercial laboratory (Antech Diagnostics, Farmingdale, NY),
using atomic absorption spectrometry on whole blood samples.
Lipid extraction (16), FA transmethylation (17), and GC analy-
sis (18) of FA profiles were performed as previously described.

Statistical analysis All data were expressed as the mean per-
centage or concentration of total FA ± SEM, and significance
was determined by two-way ANOVA with interactions for diet
and Pb exposure effects using Statistica (StatSoft, Tulsa, OK).
When the F-test was significant (P < 0.05), comparisons among
groups were performed using Tukey’s HSD (Honest Significant
Difference) test. 

RESULTS

Body and organ weight. Lead exposure affected the dam body,
brain, and liver but not kidney weights (Table 2). After wean-
ing, dams fed either the n-3 Adq-Pb or n-3 Def-Pb diets were
17 or 18% smaller based on body weight, respectively (P <
0.05), with 18 or 14% lower liver weights, respectively (P <
0.05), in comparison with those in the respective Na groups.
There was a main effect of Pb on brain weight with the mean
values showing a 5% difference between the two n-3 Adq
groups and a 14% difference between the two n-3 Def groups
(P < 0.05). Pb exposure led to a significantly increased ratio of
kidney to body weight particularly in the n-3 Adq group (P <
0.05). The kidney weights were similar in the Pb-exposed
groups to the control groups in spite of the decrease in body
weight in those exposed to Pb. There was also a main effect of
diet on body and liver weight, but not brain and kidney weight.
Body and liver weights in the n-3 Def groups were lower than
in the n-3 Adq groups (P < 0.05).

At weaning (3 wk), the brains of pups exposed to Pb during
lactation exhibited Pb concentrations of 7.17 ± 0.47 in the n-3
Adq and 6.49 ± 0.63 nmol Pb/g wet weight in the n-3 Def diets,
and Pb was at background levels in the Na groups. Brain Pb
concentrations were not available for the dams; however, the
mean whole blood Pb concentration for dams was 14.9 ± 2.7
µmol/L for the two Pb groups combined and the Na groups
were at the background level of 0.005 µmol/L.

Effects of diet on FA compositions. The total FA concentra-
tions of the liver, plasma, kidney, or retina did not differ between
the n-3 Def and the n-3 Adq groups, but the brain total FA con-
centrations were significantly greater in the n-3 Adq groups. As
expected, the percentages of total and many individual n-3 FA
were reduced in all tissues studied for both groups given the n-3
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TABLE 1
Diet Composition and FA Content of Diet

Ingredient n-3 Deficient n-3 Adequate

g/100 g diet

Casein, vitamin-freea 20 20
Cornstarch 15 15
Sucrose 10 10
Dextrose 19.9 19.9
Maltose-dextrin 15 15
Cellulose 5 5
Mineral salt mixb 3.5 3.5
Vitamin mixc 1 1
L-Cystine  0.3 0.3
Choline bitartrate 0.25 0.25
TBHQ 0.002 0.002
Fat 10 10

Hydrogenated coconut oil 8.1 7.45
Safflower oil 1.9 1.77
Flaxseed oil None 0.48
DHASCOd None 0.3

FA compositione % of total FA weight
Saturates 78.1 72.7
Monounsaturates 4.5 5.7
18:2n-6 15.1 14.8
18:3n-3 0.09 3.0
22:6n-3 ND 1.45
n-6/n-3 168 3.3

aDyets Inc. (Bethlehem, PA) catalog #400625. 
bDyets Inc. catalog #210025. 
cDyets Inc. catalog #310025.
dDHASCO is a trademark of Martek Biosciences Corp. (Columbia, MD) and
contains approximately 45% of FA as DHA. 
eOnly trace quantities of long-chain polyunsaturates including 20:4n-6,
20:5n-3, and 22:5n-3 were detected (ND), i.e., less than 0.01%. Other minor
peaks were not included.
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TABLE 2
Effect of Pb Exposure and n-3 FA Deficiency on Body and Organ Weights in 18-wk-old Damsa

n-3 Adequate n-3 Deficient

Na control Pb-exposed Na control Pb-exposed

Body weight, g 378.1 ± 9.63* 310.5 ± 13.3*,† 337.6 ± 17.2 281.3 ± 20.9†

Brain weight, g 1.92 ± 0.04 1.82 ± 0.05† 2.05 ± 0.11 1.77 ± 0.06†

Ratio of brain to body weight 0.005 ± 0.0001 0.006 ± 0.0004 0.006 ± 0.001 0.006 ± 0.0003
Liver weight, g 16.8 ± 0.58* 13.7 ± 0.95*,† 14.4 ± 0.46 12.1 ± 0.72†

Ratio of liver to body weight 0.045 ± 0.002 0.044 ± 0.002 0.043 ± 0.001 0.043 ± 0.002
Kidney weight, g 3.50 ± 0.25 3.43 ± 0.13 2.98 ± 0.25 3.13 ± 0.10
Ratio of kidney to body weight 0.009 ± 0.001 0.043 ± 0.002† 0.009 ± 0.001 0.012 ± 0.001†

aValues are means ± SEM, n = 6. *Significant effect of diet, P < 0.05; †significant effect of Pb exposure, P < 0.05.

TABLE 3
Effect of Pb Exposure and n-3 FA Deficiency on Liver FA Compositiona

n-3 Adequate n-3 Deficient

Na control Pb-exposed Na control Pb-exposed

g/100 g FAb

Total saturated 49.6 ± 4.01* 41.1 ± 1.01* 51.2 ± 2.69 52.2 ± 3.45

Total monounsaturated 20.8 ± 2.53 20.9 ± 2.34 24.5 ± 2.33 17.1 ± 1.18

18:2n-6 6.91 ± 0.71* 10.0 ± 1.29* 5.25 ± 0.56 5.14 ± 0.28

18:3n-6 0.13 ± 0.01 0.23 ± 0.03† 0.16 ± 0.01 0.28 ± 0.04†

20:2n-6 0.10 ± 0.02 0.13 ± 0.02 0.12 ± 0.04 0.07 ± 0.01

20:3n-6 0.89 ± 0.13a 0.94 ± 0.06a 0.92 ± 0.07a 0.56 ± 0.07b

20:4n-6 7.71 ± 1.36* 10.6 ± 0.94*,† 14.8 ± 1.55 20.4 ± 1.72†

22:4n-6 0.10 ± 0.01* 0.21 ± 0.04*,† 0.50 ± 0.05 0.65 ± 0.06†

22:5n-6 0.12 ± 0.02d 0.23 ± 0.03c 4.92 ± 0.57b 6.95 ± 0.67a

Total n-6 16.0 ± 2.03* 22.3 ± 1.24*,† 26.7 ± 2.49 34.1 ± 2.42†

18:3n-3 0.31 ± 0.05* 0.37 ± 0.10* ND ND

20:5n-3 0.86 ± 0.15* 1.15 ± 0.14* 0.02 ± 0.002 0.01 ± 0.004

22:5n-3 0.27 ± 0.04b 0.49 ± 0.07a 0.04 ± 0.01c 0.04 ± 0.01c

22:6n-3 7.72 ± 1.16* 10.6 ± 1.01*,† 0.82 ± 0.17 1.25 ± 0.28†

Total n-3 9.16 ± 1.35* 12.7 ± 1.10*,† 0.87 ± 0.18 1.30 ± 0.28†

µg/mg tissuec

Total saturated 20.4 ± 3.26 11.3 ± 0.34† 17.6 ± 1.08 11.8 ± 0.53†

Total monounsaturated 8.08 ± 0.78 5.73 ± 0.59† 9.95 ± 1.49 4.75 ± 0.46†

18:2n-6 2.74 ± 0.26* 2.80 ± 0.41* 2.05 ± 0.16 1.41 ± 0.08

18:3n-6 0.05 ± 0.01 0.06 ± 0.01 0.07 ± 0.01 0.08 ± 0.01

20:2n-6 0.04 ± 0.01 0.04 ± 0.01 0.05 ± 0.01 0.02 ± 0.002

20:3n-6 0.35 ± 0.05 0.26 ± 0.02† 0.37 ± 0.04 0.15 ± 0.02†

20:4n-6 2.97 ± 0.41* 2.92 ± 0.27* 5.76 ± 0.52 5.62 ± 0.50

22:4n-6 0.04 ± 0.004* 0.06 ± 0.01*† 0.20 ± 0.02 0.18 ± 0.01†

22:5n-6 0.05 ± 0.01c 0.06 ± 0.01b 1.90 ± 0.16a 1.90 ± 0.17a

Total n-6 6.23 ± 0.62* 6.20 ± 0.47* 10.4 ± 0.75 9.37 ± 0.66

18:3n-3 0.12 ± 0.02* 0.10 ± 0.03* ND ND

20:5n-3 0.33 ± 0.05* 0.32 ± 0.04* 0.006 ± 0.002 0.003 ± 0.001

22:5n-3 0.11 ± 0.02b 0.14 ± 0.02a 0.02 ± 0.003c 0.01 ± 0.002c

22:6n-3 3.02 ± 0.41* 2.94 ± 0.28* 0.32 ± 0.08 0.34 ± 0.08

Total n-3 3.58 ± 0.48* 3.50 ± 0.32* 0.34 ± 0.08 0.36 ± 0.08
Total FA
(µg/mg tissue) 40.4 ± 2.85 27.6 ± 0.79† 39.7 ± 2.22 27.7 ± 1.11†

aValues are mean ± SEM, n = 6. *Significant effect of diet, P < 0.05; †significant effect of Pb exposure, P < 0.05; significant
diet × Pb exposure interaction and means with different alphabetical superscripts are significantly different by Tukey HSD
test at P < 0.05.
bPercentage of FA. 
cConcentration of FA. ND, not detected, i.e., less than 0.01%.



Def diets (Tables 3–7). In the n-3 Def groups, a very marked ef-
fect was observed with much lower percentages of total n-3 FA
in the livers (≥90%, Tables 3), plasma (≥94%, Table 4), or kid-
ney (≥91%, Table 5) relative to the n-3 Adq groups (P < 0.05).
However, although the brain (Table 6) and retina (Table 7) also
showed significantly lower percentages of total n-3 FA in the n-3
Def groups (18–26% lower for brain and 31–39% lower for
retina, P < 0.05), these effects were of a lower magnitude than
the peripheral tissues. Most of the decrease in total n-3 FA per-
centages could be accounted for by a lower percentage of DHA.
In liver, plasma, and kidney, LNA, EPA (20:5n-3), and n-3 do-
cosapentaenoic acid (DPAn-3, 22:5n-3) were also markedly
lower in the n-3 Def group (P < 0.05).

Replacing the n-3 FA in the n-3 Def group was a higher per-
centage of n-6 FA. Within the n-6 FA family, there were large
increases in the n-6 docosapentaenoic acid (DPAn-6, 22:5n-6)
percentage in all tissues in the n-3 Def group (P < 0.05). For
example, the DPAn-6 content was 3.47 and 9.08% in brain and
retina, respectively, in the n-3 Def-Na group but was 0.28% for
brain (Table 6) and 0.18% for retina (Table 7) in the n-3 Adq-
Na group. A 38-fold difference between the n-3 Adq and n-3
Def groups in the concentration of DPAn-6 was evident in the
liver (Table 3). Also, there were several significant changes in
the major n-6 species AA and LA (P < 0.05). The AA percent-
ages were higher in the liver (92%), plasma (61%), kidney
(38%), brain (18%), and retina (30%) in the n-3 Def groups.
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TABLE 4
Effect of Pb Exposure and n-3 FA Deficiency on Plasma FA Compositiona

n-3 Adequate n-3 Deficient

Na control Pb-exposed Na control Pb-exposed

g/100 g FAb

Total saturated 38.7 ± 0.34 36.9 ± 0.54 38.5 ± 1.16 39.0 ± 1.65

Total monounsaturated 20.8 ± 2.49 14.1 ± 0.38† 21.7 ± 1.26 17.1 ± 0.96†

18:2n-6 13.2 ± 0.74* 16.0 ± 1.09*,† 10.3 ± 0.52 10.8 ± 0.37†

18:3n-6 0.21 ± 0.05 0.27 ± 0.02 0.27 ± 0.03 0.35 ± 0.04

20:2n-6 0.10 ± 0.03* 0.09 ± 0.01* 0.07 ± 0.01 0.05 ± 0.003

20:3n-6 1.02 ± 0.23* 0.84 ± 0.07*,† 0.83 ± 0.15 0.39 ± 0.09†

20:4n-6 10.9 ± 0.67* 14.6 ± 0.96*,† 17.5 ± 0.91 20.2 ± 2.12†

22:4n-6 0.12 ± 0.01* 0.13 ± 0.02* 0.32 ± 0.02 0.31 ± 0.03

22:5n-6 0.11 ± 0.02* 0.14 ± 0.01* 2.39 ± 0.12 2.66 ± 0.24

Total n-6 25.6 ± 1.17* 32.0 ± 0.57*,† 31.4 ± 1.18 34.8 ± 2.02†

18:3n-3 0.78 ± 0.09* 0.63 ± 0.11* 0.01 ± 0.001 0.01 ± 0.001

20:5n-3 1.47 ± 0.28* 1.49 ± 0.14* 0.03 ± 0.004 0.02 ± 0.003

22:5n-3 0.29 ± 0.03* 0.26 ± 0.03* 0.02 ± 0.002 0.02 ± 0.001

22:6n-3 5.20 ± 0.23* 5.39 ± 0.18* 0.34 ± 0.05 0.41 ± 0.08

Total n-3 7.74 ± 0.36* 7.77 ± 0.25* 0.40 ± 0.05 0.46 ± 0.08

µg/mg tissuec

Total saturated 5.60 ± 0.61 3.81 ± 0.08 6.24 ± 1.16 5.02 ± 0.47

Total monounsaturated 3.10 ± 0.63 1.46 ± 0.04† 3.59 ± 0.68 2.20 ± 0.23†

18:2n-6 1.92 ± 0.26* 1.66 ± 0.14*,† 1.56 ± 0.19 1.39 ± 0.11†

18:3n-6 0.03 ± 0.01 0.03 ± 0.003 0.04 ± 0.01 0.04 ± 0.01

20:2n-6 0.02 ± 0.01 0.01 ± 0.001 0.01 ± 0.002 0.01 ± 0.001

20:3n-6 0.14 ± 0.02 0.09 ± 0.01† 0.14 ± 0.04 0.05 ± 0.01†

20:4n-6 1.55 ± 0.11* 1.50 ± 0.09* 2.69 ± 0.32 2.53 ± 0.20

22:4n-6 0.02 ± 0.003* 0.01 ± 0.002* 0.05 ± 0.01 0.04 ± 0.01

22:5n-6 0.02 ± 0.003* 0.02 ± 0.001* 0.39 ± 0.07 0.33 ± 0.03

Total n-6 3.68 ± 0.34* 3.31 ± 0.13* 4.88 ± 0.60 4.39 ± 0.23

18:3n-3 0.12 ± 0.04a 0.07 ± 0.01b 0.001 ± 0.001c 0.001 ± 0.001c

20:5n-3 0.21 ± 0.04* 0.15 ± 0.02*,† 0.005 ± 0.001 0.003 ± 0.001†

22:5n-3 0.04 ± 0.01* 0.03 ± 0.003* 0.003 ± 0.001 0.003 ± 0.001

22:6n-3 0.76 ± 0.11a 0.56 ± 0.02b 0.05 ± 0.01c 0.05 ± 0.01c

Total n-3 1.13 ± 0.15a 0.80 ± 0.03b 0.06 ± 0.01c 0.06 ± 0.01c

Total FA
(µg/mg tissue) 14.5 ± 1.65 10.3 ± 0.24† 16.0 ± 2.53 12.8 ± 0.85†

aValues are mean ± SEM, n = 6. *Significant effect of diet, P < 0.05; †significant effect of Pb exposure, P < 0.05; Significant
diet × Pb exposure interaction. Means with different alphabetical superscripts are significantly different by Tukey’s HSD test
at P < 0.05.
bPercentage of FA 
cConcentration of FA.  



The docosatetraenoic acid (DTA, 22:4n-6) percentage was also
higher in all tissues in the n-3 Def group, with the brain exhibit-
ing a 38% and retina an 87% higher content (P < 0.05). How-
ever, an exception to the generally higher tissue percentage of
n-6 FA in the n-3 Def groups was LA, for which a lower per-
centage was found in the liver (24%), plasma (22%), kidney
(19%), and brain (27%) (P < 0.05). In most cases, with the ex-
ception of liver and retina, there was also a lower concentra-
tion of dihomo-γ-linolenic acid (DGLA, 20:3n-6) in the n-3
Def group (P < 0.05). In general, there were no main effects of
diet on the tissue concentrations of saturated and monounsatu-
rated FA. However, the percentages of liver total saturated FA

for the n-3 Adq groups were lower than those of the n-3 Def
groups (P < 0.05).

Pb effects on liver FA composition. The effects of Pb on the
FA composition were most pronounced in the liver (Table 3)
where Pb exposure resulted in increased percentages of total
n-6 (67% in the n-3 Adq-Pb and 28% in the n-3 Def-Pb group)
and total n-3 (39% in the n-3 Adq-Pb and 49% in the n-3 Def-
Pb group) FA (P < 0.05). Within the n-6 FA family, γ-linolenic
acid (GLA, 18:3n-6), AA, and DTA were increased by Pb ex-
posure. Liver DHA was 37% higher in the n-3 Adq-Pb and
52% higher in the n-3 Def-Pb relative to their respective Na-
control groups. A significant decline in saturated FA after Pb
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TABLE 5
Effect of Pb Exposure and n-3 FA Deficiency on Kidney FA Compositiona

n-3 Adequate n-3 Deficient

Na control Pb-exposed Na control Pb-exposed

g/100 g FAb

Total saturated 43.7 ± 0.78 43.5 ± 0.52 44.9 ± 0.32 43.6 ± 0.71

Total monounsaturated 31.4 ± 1.21 28.5 ± 0.86† 29.6 ± 1.41 26.0 ± 1.90†

18:2n-6 8.64 ± 0.25* 9.46 ± 0.46*,† 6.98 ± 0.29 7.93 ± 0.29†

18:3n-6 0.05 ± 0.003* 0.05 ± 0.002* 0.07 ± 0.004 0.08 ± 0.01

20:2n-6 0.12 ± 0.01 0.15 ± 0.01† 0.11 ± 0.01 0.15 ± 0.02†

20:3n-6 0.58 ± 0.09* 0.53 ± 0.05* 0.48 ± 0.03 0.34 ± 0.05

20:4n-6 9.97 ± 0.71* 11.7 ± 0.61*,† 13.8 ± 1.16 17.2 ± 1.50†

22:4n-6 0.23 ± 0.04* 0.30 ± 0.02* 0.66 ± 0.13 0.85 ± 0.12

22:5n-6 0.05 ± 0.01c 0.08 ± 0.002c 1.31 ± 0.13b 1.85 ± 0.19a

Total n-6 19.6 ± 0.56* 22.3 ± 0.73*,† 23.5 ± 1.56 28.4 ± 1.61†

18:3n-3 0.50 ± 0.06* 0.45 ± 0.03* ND ND

20:5n-3 0.68 ± 0.10* 0.58 ± 0.10* ND ND

22:5n-3 0.24 ± 0.02* 0.26 ± 0.01* 0.02 ± 0.002 0.02 ± 0.003

22:6n-3 2.33 ± 0.16* 2.83 ± 0.15*,† 0.24 ± 0.04 0.36 ± 0.06†

Total n-3 3.76 ± 0.17* 4.11 ± 0.24* 0.26 ± 0.04 0.38 ± 0.06

µg/mg tissuec

Total saturated 17.1 ± 0.82 16.5 ± 0.62 18.5 ± 1.40 14.6 ± 1.39

Total monounsaturated 12.4 ± 1.04 10.9 ± 0.77† 12.3 ± 1.29 9.07 ± 1.69†

18:2n-6 3.40 ± 0.26* 3.60 ± 0.22* 2.85 ± 0.20 2.68 ± 0.33

18:3n-6 0.02 ± 0.001* 0.02 ± 0.001* 0.03 ± 0.003 0.03 ± 0.002

20:2n-6 0.05 ± 0.003 0.06 ± 0.004† 0.05 ± 0.002 0.05 ± 0.004†

20:3n-6 0.23 ± 0.04* 0.20 ± 0.01*,† 0.20 ± 0.02 0.11 ± 0.01†

20:4n-6 3.85 ± 019* 4.42 ± 0.16* 5.53 ± 0.22 5.61 ± 0.36

22:4n-6 0.09 ± 0.01* 0.12 ± 0.01* 0.25 ± 0.03 0.27 ± 0.01

22:5n-6 0.02 ± 0.002* 0.03 ± 0.001* 0.52 ± 0.04 0.60 ± 0.04

Total n-6 7.64 ± 0.26* 8.44 ± 0.26* 9.42 ± 0.36 9.34 ± 0.54

18:3n-3 0.20 ± 0.04* 0.17 ± 0.01* ND ND

20:5n-3 0.26 ± 0.04* 0.21 ± 0.03* ND ND

22:5n-3 0.09 ± 0.004* 0.10 ± 0.01* 0.01 ± 0.001 0.01 ± 0.001

22:6n-3 0.90 ± 0.04b 1.07 ± 0.04a 0.10 ± 0.02c 0.12 ± 0.02c

Total n-3 1.46 ± 0.06* 1.55 ± 0.05* 0.11 ± 0.02 0.13 ± 0.02
Total FA
(µg/mg tissue) 39.1 ± 0.17 38.1 ± 1.59 41.1 ± 2.96 33.7 ± 3.55
aValues are mean ± SEM, n = 6. *Significant effect of diet, P < 0.05; †significant effect of Pb exposure, P < 0.05; significant
diet × Pb exposure interaction. Means with different alphabetical superscripts are significantly different by Tukey’s HSD test
at P < 0.05.
bPercentage of FA. 
cConcentration of FA. ND, not detected.



exposure occurred for 12:0, 14:0, and 16:0, however, the per-
centages of 20:0, 22:0 and 24:0 were increased by Pb exposure
(P < 0.05). Among monounsaturated FA, Pb exposure resulted
in a significant decline in the percentages of 14:1 and 16:1 but
increases in 24:1n-9 (P < 0.05). There were interactions be-
tween Pb × diet for several n-6 and n-3 FA in the liver with sig-
nificant interactions of Pb × diet for DGLA, DPAn-6, and
DPAn-3 (P < 0.05).

The concentration of total FA was significantly decreased
by 32% in the livers of the n-3 Adq-Pb group in comparison
with the n-3 Adq-Na group and, in the n-3 Def groups, Pb ex-
posure led to a 30% loss in total FA concentration (P < 0.05).
When the data were expressed in terms of concentration, there
were significant losses of total saturates, monounsaturates, and
DGLA in the Pb-exposed groups. As for the percentage data,
there were Pb × diet interactions for the DPAn-3 and DPAn-6
FA. In addition, there was an interaction for the DGLA as Pb ex-

posure led to a decrease in the n-3 Def group but an increase in
the n-3 Adq group. Besides those just noted, no other polyunsat-
urate concentration was significantly altered by Pb exposure.

Pb effects on plasma FA composition. There were no main ef-
fects of Pb in the plasma on either the total saturated or the total
n-3 FA in plasma (Tables 4). However, Pb exposure decreased
total monounsaturated (32% decline for n-3 Adq-Pb and 21%
decline for n-3 Def-Pb) and total FA concentrations (29% de-
cline for n-3 Adq-Pb and 20% decline for n-3 Def-Pb) but in-
creased total n-6 FA (25% for n-3 Adq-Pb and 11% for n-3 Def-
Pb) (P < 0.05). Within the n-6 FA family, GLA and AA were in-
creased by Pb exposure but DGLA was decreased. Plasma AA
was 34% higher in n-3 Adq-Pb and 15% higher in n-3 Def-Pb
relative to the Na-control groups. With respect to the saturated
FA after Pb exposure, the 16:0 percentage was decreased but
20:0, 22:0 and 24:0 were increased (P < 0.05). Among monoun-
saturated FA, Pb exposure decreased the percentages of 16:1,
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TABLE 6
Effect of Pb Exposure and n-3 FA Deficiency on Brain FA Compositiona

n-3 Adequate n-3 Deficient

Na control Pb-exposed Na control Pb-exposed

g/100 g FAb

Total saturated 37.3 ± 0.69c 36.3 ± 0.31b 38.1 ± 0.62a 38.9 ± 0.26a

Total monounsaturated 27.7 ± 0.64 27.1 ± 0.71 27.4 ± 0.64 27.4 ± 0.48

18:2n-6 0.60 ± 0.03* 0.64 ± 0.02* 0.44 ± 0.01 0.44 ± 0.01

20:2n-6 0.14 ± 0.01 0.12 ± 0.004 0.13 ± 0.01 0.11 ± 0.004

20:3n-6 0.44 ± 0.27* 0.41 ± 0.02*,† 0.34 ± 0.01 0.27 ± 0.01†

20:4n-6 7.56 ± 0.67* 7.56 ± 0.14* 8.92 ± 0.23 9.62 ± 0.15

22:4n-6 2.47 ± 0.07* 2.38 ± 0.05* 3.42 ± 0.09 3.44 ± 0.03

22:5n-6 0.28 ± 0.14* 0.15 ± 0.01* 3.47 ± 0.31 3.56 ± 0.31

Total n-6 11.5 ± 0.29* 11.3 ± 0.19* 16.7 ± 0.45 17.4 ± 0.34

22:5n-3 0.19 ± 0.01* 0.18 ± 0.004* 0.03 ± 0.004 0.04 ± 0.004

22:6n-3 12.9 ± 0.42* 12.6 ± 0.27* 9.22 ± 0.32 9.96 ± 0.38

Total n-3 14.2 ± 0.45* 13.8 ± 0.33* 10.5 ± 0.34 11.3 ± 0.42

µg/mg tissuec

Total saturated 13.9 ± 0.40 14.8 ± 1.13 12.4 ± 0.62 13.7 ± 0.94

Total monounsaturated 10.4 ± 0.51 11.2 ± 1.21 8.90 ± 0.47 9.70 ± 0.86

18:2n-6 0.22 ± 0.02* 0.26 ± 0.03* 0.14 ± 0.01 0.15 ± 0.01

20:2n-6 0.05 ± 0.01* 0.05 ± 0.01* 0.04 ± 0.002 0.04 ± 0.004

20:3n-6 0.17 ± 0.01* 0.17 ± 0.02* 0.11 ± 0.01 0.10 ± 0.01

20:4n-6 2.81 ± 0.04 3.07 ± 0.20† 2.90 ± 0.16 3.37 ± 0.21†

22:4n-6 0.92 ± 0.02* 0.97 ± 0.07* 1.11 ± 0.06 1.21 ± 0.10

22:5n-6 0.11 ± 0.06* 0.06 ± 0.003* 1.14 ± 0.13 1.27 ± 0.17

Total n-6 4.28 ± 0.13* 4.58 ± 0.32* 5.44 ± 0.34 6.14 ± 0.48

22:5n-3 0.07 ± 0.01 0.07 ± 0.01* 0.01 ± 0.001 0.01 ± 0.002

22:6n-3 4.81 ± 0.13* 5.09 ± 0.30*,† 2.97 ± 0.10 3.47 ± 0.19†

Total n-3 5.29 ± 0.14* 5.60 ± 0.32* 3.38 ± 0.11 3.93 ± 0.20
Total FA
(µg/mg tissue) 37.4 ± 1.68* 40.9 ± 3.30* 32.6 ± 1.91 35.2 ± 2.62
aValues are mean ± SEM, n = 6. *Significant effect of diet, P < 0.05; †significant effect of Pb exposure, P < 0.05; Significant
diet × Pb exposure interaction. Means with different alphabetical superscripts are significantly different by Tukey’s HSD test
at P < 0.05.
bPercentage of FA. 
cConcentration of FA. 



18:1n-9, 18:1n-7, and 20:1n-9 but increased the level of 24:1n-9
(P < 0.05).

When examined in terms of concentration, Pb exposure led
to decreases in monounsaturates and total FA, but the decreased
levels of saturates did not reach statistical significance. There
were also significant decreases in LA, DGLA, and EPA concen-
trations due to Pb. There were interactive effects of Pb × diet for
LNA and DHA.

Pb effects on kidney FA composition. In the kidney, there
were main effects of Pb on total monounsaturated (9% decline
for n-3 Adq-Pb and 12% decline for n-3 Def-Pb) and total n-6
(14% increase for n-3 Adq-Pb and 21% increase for n-3 Def-
Pb) FA (P < 0.05) (Table 5). Pb exposure resulted in increased
percentages of LA, docosadienoic acid (20:2n-6), and AA. For
the monounsaturated FA, Pb exposure decreased the percent-
age of 16:1 but increased the percentage of 18:1-DMA (di-
methyl acetal derivative) and 20:1n-9 (P < 0.05). Pb exposure

did not affect the percentages of total saturated or total n-3 FA
or the total FA concentration. However, kidney DHA was in-
creased by 21% in the n-3 Adq-Pb group and by 50% in the n-3
Def-Pb after Pb exposure (P < 0.05). Among the saturated FA,
the percentages of 16:0-DMA, 18:0-DMA, 18:0, 20:0, and 22:0
after Pb exposure were increased, but the percentages of 10:0
and 16:0 were decreased by Pb exposure (P < 0.05). There was
significant interaction between Pb × diet for the percentage of
DPAn-6 in the kidney (P < 0.05).

When expressed in terms of concentration, Pb exposure led
to a significant loss of monounsaturates, docosadienoic acid, and
DGLA. The lower levels of saturates and total FA did not reach
significance.

Pb effects on brain FA composition. There were no main ef-
fects of Pb exposure on total FA concentration, or the percentages
of total monounsaturated, total n-6, or total n-3 FA in brain (Table
6). However, there was a diet × Pb exposure interaction for total
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TABLE 7
Effect of Pb Exposure and n-3 FA Deficiency on Retina FA Compositiona

n-3 Adequate n-3 Deficient

Na control Pb-exposed Na control Pb-exposed

g/100 g FAb

Total saturated 40.9 ± 0.29 40.9 ± 0.53 41.6 ± 0.20 40.7 ± 0.39

Total monounsaturated 10.3 ± 0.18* 10.6 ± 0.33* 11.1 ± 0.47 11.4 ± 0.29

18:2n-6 0.54 ± 0.06 0.71 ± 0.13 0.53 ± 0.03 0.51 ± 0.05

18:3n-6 0.02 ± 0.002 0.03 ± 0.002 0.03 ± 0.002 0.04 ± 0.002

20:2n-6 0.10 ± 0.01a,b 0.09 ± 0.004b 0.11 ± 0.003a 0.07 ± 0.01c

20:3n-6 0.23 ± 0.02a 0.17 ± 0.01b 0.24 ± 0.02a 0.11 ± 0.01c

20:4n-6 6.77 ± 0.16c 7.56 ± 0.36b 8.77 ± 0.26a 8.42 ± 0.27a

22:4n-6 1.12 ± 0.02c 1.20 ± 0.03c 2.09 ± 0.07a 1.84 ± 0.07b

22:5n-6 0.18 ± 0.01* 0.22 ± 0.01* 9.08 ± 0.79 8.29 ± 0.65

Total n-6 8.95 ± 0.24* 9.98 ± 0.50* 20.9 ± 1.08 19.3 ± 0.85

22:5n-3 0.48 ± 0.03* 0.45 ± 0.02* 0.12 ± 0.02 0.13 ± 0.01

22:6n-3 35.1 ± 0.39* 33.0 ± 0.60* 21.8 ± 1.12 23.1 ± 1.20

Total n-3 35.7 ± 0.39* 33.6 ± 0.59* 21.9 ± 1.13 23.3 ± 1.22

µg/mg tissuec

Total saturated 4.12 ± 0.29 6.43 ± 1.88 4.79 ± 0.44 5.38 ± 0.19

Total monounsaturated 1.04 ± 0.01 1.63 ± 0.43 1.26 ± 0.08 1.51 ± 0.07

18:2n-6 0.06 ± 0.01 0.11 ± 0.03 0.06 ± 0.01 0.07 ± 0.01

18:3n-6 0.002 ± 0.001 0.004 ± 0.001 0.004 ± 0.001 0.01 ± 0.001

20:2n-6 0.01 ± 0.001 0.01 ± 0.004 0.01 ± 0.001 0.01 ± 0.001

20:3n-6 0.02 ± 0.003 0.03 ± 0.01 0.03 ± 0.003 0.02 ± 0.001

20:4n-6 0.68 ± 0.06 1.17 ± 0.32 1.02 ± 0.11 1.11 ± 0.05

22:4n-6 0.11 ± 0.01* 0.20 ± 0.06* 0.24 ± 0.03 0.24 ± 0.01

22:5n-6 0.02 ± 0.001* 0.04 ± 0.01* 1.06 ± 0.15 1.08 ± 0.06
Total n-6 0.91 ± 0.08* 1.56 ± 0.43* 2.42 ± 0.29 2.53 ± 0.08

22:5n-3 0.05 ± 0.01* 0.07 ± 0.02* 0.01 ± 0.002 0.02 ± 0.002
22:6n-3 3.52 ± 0.23* 5.26 ± 1.64*,† 2.52 ± 0.27 3.08 ± 0.27†

Total n-3 3.57 ± 0.21* 5.33 ± 1.67*,† 2.53 ± 0.27 3.10 ± 0.28†

Total FA

(µg/mg tissue) 10.1 ± 0.65 15.9 ± 4.88 11.5 ± 1.04 13.2 ± 0.56
aValues are mean ± SEM, n = 6. *Significant effect of diet, P < 0.05; †significant effect of Pb exposure, P < 0.05; significant
diet × Pb exposure interaction. Means with different alphabetical superscripts are significantly different by Tukey’s HSD test
at P < 0.05.
bPercentage of FA. 
cConcentration of FA. 



saturated FA and for 24:1n-9 (P < 0.05). The percentages of 12:0
and DGLA were decreased by Pb exposure, but 16:1 was in-
creased (P < 0.05). In terms of concentration, both AA and DHA
were increased by Pb exposure. In contrast to the responses ob-
served in peripheral tissues, both saturated and monounsaturated
FA concentration increased in Pb-exposed groups, but not signifi-
cantly so.

Pb effects on retina FA composition. There were no main ef-
fects of Pb exposure on total FA, total saturated, total monoun-
saturated, or total n-6 FA in the retina either when expressed as
a percentage or as a concentration (Table 7). However, there
was a diet × Pb exposure interaction for 12:0 and several n-6
FA including 20:2n-6, DGLA, AA, and DTA (P < 0.05). The
percentage of 20:1n-9 was decreased by Pb exposure (P <
0.05). As was observed in the brain, the DHA concentration
was significantly increased after Pb exposure, and this led to a
significant increase in total n-3 FA as well.

DISCUSSION

Lead exposure solely during the lactational period significantly
altered the dam liver, plasma, and kidney FA composition but
produced weaker effects on the nervous system tissues. In par-
ticular, the percentages of 20-C PUFA were increased by Pb
exposure, with AA being most affected. As expected, the n-3
Def diets markedly decreased the percentages of total n-3 FA
including DHA, and increased total n-6 FA including both ara-
chidonic (AA) and DPAn-6 in all tissues.

It has been known that Pb exposure resulted in increased
percentages of AA in rats (19), chickens (12,13,20,21), and hu-
mans (22). However, in a previous study of lactational Pb ex-
posure (11), Lim et al. observed that pup liver AA and DHA at
weaning were increased in terms of the percentages but that the
organ concentrations of AA and DHA were not in fact differ-
ent. In many of the previous studies of FA composition after
Pb exposure, although only the percentage of FA was measured
and no internal standard was used, the data are often discussed
in terms of concentration (12,13,20–22), leading to much con-
fusion. This is an especially unfortunate error since there are in
fact both percentage changes in many FA subsequent to Pb ex-
posure and changes in total FA absolute concentrations. Our
tables are constructed to facilitate the comparisons of various
PUFA expressed in both manners. Since Pb generally decreases
the tissue total FA concentration, even those FA that appear to
be increased when expressed as a percentage may in fact ex-
hibit little or no change when the organ concentration is deter-
mined. The large increases in the percentages of polyunsatu-
rates may then simply reflect a preferential decrease in non-
EFA concentration.

In fact, when the concentration data are examined, our re-
sults show that there is no significant difference in AA concen-
tration in maternal liver and plasma. More specifically, the per-
centage of liver AA was increased by 37% in the n-3 Adq-Pb
group compared with the n-3 Adq-Na group, but the actual con-
centrations were 2.92 and 2.97 µg/mg, respectively. Similarly,
the liver DHA concentrations in the two n-3 Adq groups were

unchanged, as they were 3.02 (Na) and 2.94 µg/mg (Pb). How-
ever, the concentrations of 16:0 and 18:0 fell rather precipi-
tously in liver as did the monounsaturates 16:1 and 18:1 in the
Pb-exposed groups. Qualitatively similar results were observed
in the plasma and kidney. The nervous system was an excep-
tion to this. In both the brain and retina, DHA concentration
was significantly increased by Pb exposure. Pb-induced in-
creases in AA were also observed in both retina and brain, but
only those in the brain were statistically significant. The ner-
vous system was also distinct from the peripheral tissues in that
non-EFA were not decreased and even rose somewhat subse-
quent to Pb exposure. It is apparent that Pb alters the FA pro-
file in the nervous system in a different manner from that for
peripheral tissues.

The mechanisms underlying these changes in essential and
non-EFA composition are unclear. Previous discussions of Pb
effects on FA have centered on lipid peroxidation as a result of
the observation that high levels of Pb exposure in chicks led to
increased production of malondialdehyde (20). However, per-
oxidative reactions would be expected to selectively remove
PUFA species in preference to saturates and monounsaturates.
In general, the opposite pattern is observed here in the dams
and to an even greater extent in pups exposed to Pb through
lactation (11), as non-EFA are lost in Pb-exposed animals in
preference to EFA. Such a FA profile is also inconsistent with a
hypothesis that Pb alters FA desaturation. A more straightfor-
ward interpretation of these results would be that the increased
percentages of the highly unsaturated FA reflect preferential
sparing of these lipids with respect to non-essential species.
The loss of body weight in the Pb-exposed groups indicates
that there may have been a decrease in food intake (although
not measured here) associated with the high level of Pb in the
drinking water. It is likely that non-EFA were then preferen-
tially metabolized for energy as a consequence of Pb exposure.

One hypothesis to be tested was to determine whether an n-3
Def diet would lead to greater effects of Pb exposure on FA
composition, or, alternatively, whether an n-3 Adq diet would
lead to “protective” effects on FA composition of various tis-
sues. Several interactions of the two key variables of this study,
diet and Pb exposure, occurred mainly in the 20- and 22-car-
bon PUFA. For example, Pb exposure increased liver DPAn-6
and 22:5n-3 and kidney DHA concentrations in the n-3 Adq
group, but not in the n-3 Def group. In plasma, Pb exposure re-
duced 18:3n-3, DHA, and total n-3 FA concentrations only in
the n-3 Adq group. There were interactions between diet and
Pb exposure for several of the n-6 PUFA in the retina including
DGLA, AA, and 22:4n-6.

Another manner in which to examine protective effects of
diet is to compare the magnitude of the principal changes in FA
concentrations with or without Pb for the two diets (i.e., com-
pare the FA concentrations for the groups as follows: 100 −
[(Adq-Pb)/(Adq-Na) × 100] vs. 100 − [(Def-Pb/Def-Na) ×
100]). In the dam liver, Pb exposure in the n-3 Def groups led
to significant decreases in saturates, monounsaturates, DGLA,
and total FA. The n-3 Adq diet led to a smaller Pb-induced loss
for the monounsaturates and DGLA. Similarly, in the plasma,
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the n-3 Adq diet led to a smaller Pb-induced loss of DGLA and
EPA concentrations. Also, in the kidney, the n-3 Adq diet led
to a smaller Pb-induced loss in monounsaturates and DGLA.

It is of interest to compare responses of the dam exposed to
Pb through drinking water to that of her pups exposed via lac-
tation (11). The main effect of Pb in the weanling pup liver was
losses in saturates, monounsaturates, and total FA concentra-
tions. In all three cases, the losses in the n-3 Adq group were
considerably greater than those in the n-3 Def group. In the
pups given the n-3 Adq diet, there was a significant interaction
with Pb exposure for liver DHA and a 37% loss in the n-3 Adq
group but a 60% increase in the n-3 Def group. In the dams,
there was no effect of Pb exposure on DHA concentrations in
either dietary group. Thus, the protective effects noted above
for the n-3 Adq diet in the dam appeared to be lost for the pups
exposed to Pb during lactation.
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ABSTRACT: In an attempt to combine the hypocholesterolemic
properties of plant sterols with the hypotriglyceridemic action of
fish oil FA, plant sterols have recently been esterified to fish oil n-3
PUFA. The objective of this study was to determine the effects of
plant sterols esterified to n-3 PUFA on plasma lipid levels and
erythrocyte fragility. For 5 wk, male Golden Syrian hamsters were
fed diets varying in cholesterol and plant sterol content: (i) Non-
cholesterol (semipurified diet with no added cholesterol or plant
sterols) (ii), Cholesterol (0.25% cholesterol) (iii), Sterols (0.25%
cholesterol plus 1% nonesterified plant sterols), or (iv) Fish oil es-
ters of plant sterols (0.25% cholesterol plus 1.76% EPA and DHA
sterol esters, providing 1% plant sterols). The addition of fish oil
esters of plant sterols to the cholesterol diet decreased (P = 0.001)
plasma total cholesterol levels by 20%, but nonesterified plant
sterols did not have such a beneficial impact. In addition, non-
HDL cholesterol concentrations were 29% lower in hamsters fed
fish oil esters of plant sterols than in hamsters fed nonesterified
plant sterols (P < 0.0001). Despite higher (P < 0.0001) plant sterol
levels in whole erythrocytes of hamsters fed nonesterified plant
sterols and fish oil esters of plant sterols compared with hamsters
fed no plant sterols, no difference was observed in erythrocyte
fragility. The present results show that EPA and DHA esters of
plant sterols have a hypocholesterolemic effect in hamsters, and
that these new esters of plant sterols exert no detrimental effect
on erythrocyte fragility.

Paper no. L9712 in Lipids 40, 695–702 (July 2005).

Elevated blood lipid concentrations, including increased levels
of total and LDL cholesterol, as well as high TG concentra-
tions, are among the major risk factors for cardiovascular dis-
ease (CVD) (1). In patients who do not respond to dietary
changes by a significant decrease in cholesterolemia, an alter-
native approach to pharmaceutical intervention is supplemen-
tation with plant sterols. Recently, the National Cholesterol Ed-
ucation Program included the consumption of 2 g of plant
sterols/stanols in its recommendations to lower elevated LDL
cholesterol levels (2). Indeed, the lowering effect of plant
sterols on plasma total and LDL cholesterol in humans is well
documented (3). However, plant sterols do not have any bene-
ficial impact on circulating TG levels (3,4). Thus, in patients
presenting both elevated cholesterol and TG concentrations,
plant sterols do not offer an optimal reduction in CVD risk.

Dietary components that do have a hypotriglyceridemic ef-
fect in humans and animal models are n-3 PUFA from fish oil
(5,6). In an attempt to combine the hypocholesterolemic proper-

ties of plant sterols with the hypotriglyceridemic action of fish
oil FA, plant sterols have recently been esterified to fish oil n-3
PUFA. Plant sterols are usually esterified to unsaturated FA from
vegetable oils, which increases their solubility and allows their
incorporation into fat-containing foods such as margarines.
Whether the esterification of plant sterols with FA improves their
hypocholesterolemic effect is still unclear (7). Preliminary stud-
ies in guinea pigs (8) and obese, insulin-resistant rats (9) suggest
that fish oil–plant sterol esters may decrease both plasma choles-
terol and TG concentrations. In those experiments, however,
plant sterol esters were not compared with free forms of plant
sterols, and the possible contribution of esterification to the low-
ering effect on cholesterolemia could not be evaluated.

Plant sterols are considered to be relatively safe for human
health (3). However, results obtained in spontaneously hyper-
tensive rats, showing that plant sterols may decrease red blood
cell deformability and life span in these animals (10), have
raised the question of the effects of plant sterols on blood rheo-
logical properties. Whether the detrimental effects of plant
sterols on spontaneously hypertensive rats can be extrapolated
to healthy animals and other animal species still remains to be
determined. On the other hand, fish oil FA, via their incorpora-
tion in red blood cell membrane phospholipids, may improve
erythrocyte lipid fluidity and deformability, and consequently
reduce their fragility (11–15). It can be hypothesized that the
esterification of plant sterols to fish oil FA may protect red
blood cells against the increased fragility potentially associated
with plant sterol consumption.

Our working hypothesis was that fish oil esters of phytos-
terols would have a beneficial impact on both plasma choles-
terol and TG concentrations, as well as on red blood cell
fragility. The present study was therefore undertaken to com-
pare the effects of nonesterified plant sterols and fish oil FA es-
ters of plant sterols on plasma lipids and red blood cell fragility.
The Golden Syrian hamster was chosen as an animal model be-
cause of its well-established similarities with human choles-
terol and bile metabolism (16–18).

MATERIALS AND METHODS

Animals. Male Golden Syrian hamsters (Charles River Labora-
tories, Montreal, Quebec, Canada) initially weighing 80–100 g
and 35–45 d old were housed individually in stainless-steel
wire-bottomed mesh cages. The temperature (20 ± 1°C) of the
animal room was constant and the hamsters were kept under a
12-h light–dark cycle (light: 7:00–19:00). During an adapta-
tion period of 2 wk, hamsters were fed a plain, pelleted chow
diet (Charles River Laboratories). They were then randomly
assigned to one of four dietary groups (n = 10 per group). Semi-
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purified diets and water were provided on an ad libitum basis
for 5 wk. Records of food intake were taken every 3 d, with
corrections made for spillage. Body weight was monitored
once a week. The protocol was approved by the Animal Care
and Research Ethics Committee of McGill University accord-
ing to the guidelines of the Canadian Council on Animal Care.

Experimental diets. The semipurified diets were prepared
every 2 wk and stored at –20°C. Diets were similar except for
the cholesterol and phytosterol content (Table 1), consisting of
either (i) no added cholesterol or plant sterols (Noncholesterol
diet), (ii) 0.25% cholesterol and no added plant sterols (Cho-
lesterol diet), (iii) 0.25% cholesterol plus 1% nonesterified
plant sterols (Sterols diet), or (iv) 0.25% cholesterol plus 1.76%
EPA and DHA sterol esters furnishing 1% of plant sterols (Fish
oil esters of plant sterols diet). All diets contained 5% fat pro-
vided by a mix of beef tallow and safflower oil yielding a
polyunsaturated-to-saturated FA ratio of 0.4. Nonesterified
plant sterols (Forbes Medi-Tech Inc., Vancouver, British Co-
lumbia, Canada) consisted mostly of β-sitosterol (37.9% w/w),
campesterol, (23.1% w/w), stigmasterol (17.5% w/w), and
brassicasterol (5.12% w/w). Traces of sitostanol (2.78% w/w)
were detected. Other minor phytosterols were present at a con-
centration of 9.82% (w/w), and minor chemical components
represented 0.23%. For the preparation of fish oil esters of plant
sterols, free plant sterols from the same batch as those used for
the plant sterol diet were esterified to fish oil FA. The fish oil
used for esterification to plant sterols was stabilized with ascor-
bylpalmitate, citric acid, and mixed tocopherols. The resulting
fish oil FA esters of plant sterols (Forbes Medi-Tech Inc.) con-
tained 37.4% (w/w) β-sitosterol and a total of 62.5% (w/w)
plant sterols. The remaining components (37.5% w/w) con-
sisted in 41.1% (w/w) EPA and 19.8% (w/w) DHA. The energy
content of the diets was measured in an automatic adiabatic
calorimeter (Model 1241; Parr Instruments, Moline, IL) and
the diets were found to be isoenergetic, with values ranging
from 18.7 to 19.1 kJ/g. After 5 wk of feeding with the semipu-
rified diets, hamsters were deprived of food overnight. Animals

were then anesthetized with halothane and decapitated, and
blood samples were collected immediately.

Plasma lipid analyses. Blood samples were collected in vac-
utainer tubes containing EDTA (Becton Dickinson, Missisauga,
Ontario, Canada) and centrifuged at 1,300 rpm for 15 min to iso-
late plasma. Plasma samples were stored at −80°C until lipid de-
termination. Part of the whole red blood cell samples, collected
from the bottom of the vacutainer tubes after centrifugation, was
stored at −80°C for plant sterol determination, and the remainder
was used immediately at room temperature for red cell fragility
determination. Analyses were done in duplicate. Plasma total
cholesterol and HDL cholesterol concentrations were measured
by an enzymatic method using the CHOD-PAP kit from Roche
Diagnostics (Laval, Québec, Canada). HDL cholesterol concen-
trations were measured after the precipitation of apoB-contain-
ing lipoproteins with phosphotungstic acid and magnesium ions
as described by Burstein et al. (19). Because the Friedewald et
al. equation (20) may not be applicable in hamsters, results are
expressed as non-HDL cholesterol levels. Non-HDL cholesterol
was determined by subtracting HDL cholesterol from total cho-
lesterol. Plasma total TG were determined enzymatically (21)
using Triglyceride/GB kits from Roche Diagnostics. The proce-
dure includes a preliminary step to eliminate free glycerol prior
to the enzymatic dosage of TG.

Plant sterol measurement in red blood cells. Plant sterols
(campesterol and β-sitosterol) and a cholesterol precursor (lathos-
terol), as well as cholesterol concentrations in whole red blood
cells, were determined by GLC as reported previously (22).
Briefly, an internal standard of 5α-cholestane (Sigma-Aldrich
Canada Ltd., Oakville, Ontario, Canada) was added to each sam-
ple of red blood cells (100 µg/0.5 g red blood cells). Samples were
saponified for 2 h at 100°C with 0.5 M methanolic KOH. Non-
saponified materials were then extracted two times with petroleum
ether and dried under nitrogen flux. The extracts were derivatized
using 1.5 mL of TMS reagent (pyridine-hexamethyldisilazane-
trimethylchlorosilane 9:3:1, by vol) (Sigma-Aldrich Canada Ltd.)
(23). After evaporation under nitrogen, the samples were dissolved
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TABLE 1
Composition of the Experimental Diets Fed to Golden Syrian Hamsters (n = 10 per group) for 5 wk

Ingredients Noncholesterol Cholesterol Sterols Fish oil esters of plant sterols

(g/kg)

Caseina 200.0 200.0 197.7 196.1
Cornstarcha 280.0 280.0 276.7 274.5
Sucrose 363.0 360.0 356.1 353.2
Beef tallowa/safflower oilb 50.0 50.0 50.0 50.0
Cellulosea 50.0 50.0 49.4 49.0
DL-Methioninea 5.0 5.0 5.0 5.0
Mineral mixturea,c 40.0 40.0 40.0 40.0
Vitamin mixturea,c 10.0 10.0 10.0 10.0
Choline bitartratea 2.0 2.2 2.0 2.0
BHTa 0.2 0.2 0.2 0.2
Cholesterola — 2.5 2.5 2.5
Phytosterolsd — — 10.0 —
EPA/DHA esters of phytosterolsd — — — 17.6
aPurchased from ICN Biomedicals (Aurora, OH).
bPurchased from a local supermarket.
cAIN-93 purified diets for laboratory rodents (48).
dProvided by Forbes Medi-Tech Inc. (Vancouver, BC, Canada).



in 750 µL of hexane and injected into a gas–liquid chromatograph
(HP 5890 Series II; Hewlett-Packard, Palo Alto, CA) equipped
with an FID and an auto-injector system. Separation was achieved
on a 30-m capillary column with an i.d. of 0.25 mm and film thick-
ness of 0.25 µm (SAC-5; Supelco, Sigma-Aldrich Canada Ltd.).
A 2-µL quantity of sample was used for a split injection. The car-
rier gas (helium) flow rate was 7.5 psi. Samples were injected at
300°C. The oven temperature remained at 160°C for 1 min after
injection, was increased to 245°C at a rate of 15°C/min, and was
then kept constant for 5 min. This was followed by a rise to 285°C
at a rate of 15°C/min. Afterward, the temperature was kept con-
stant at 285°C for 20 min. The detector was set at 310°C. Plant
sterols (campesterol, β-sitosterol) and lathosterol were identified
using authentic standards (Sigma-Aldrich Canada Ltd.).

Red blood cell fragility determination. Red cell fragility was
assessed on fresh red blood cells by an osmolar tolerance test.
Red blood cells were collected at the bottom of vacutainer tubes
containing EDTA after centrifugation and the collection of
plasma. The intermediate layer, containing white blood cells,
was discarded. A 0.2-mL sample of red cells was added to 2 mL
of unbuffered saline containing graded concentrations of sodium
chloride (0.2–0.6%). Samples were mixed gently for 30 s. After
1 h, the cells were centrifuged at 1000 × g for 5 min and the su-
pernatent O.D. was read at 520 nm (24–27). Data are presented
as O.D. readings. The saline concentration required to obtain
50% hemolysis was determined using O.D. readings adjusted as
a percentage of the maximal density obtained and assuming a
linear response between 0.55 and 0.4% sodium chloride.

Statistical analyses. Results are expressed as mean ± SEM,
and a P value of 0.05 was considered significant. Data were
subjected to ANOVA procedures using the general linear
model approach of the Statistical Analysis System (SAS Insti-
tute, Cary, NC) to determine the main diet effects. When statis-
tically significant effects were detected, a post hoc Tukey test
was performed to identify differences among the diet groups.

RESULTS

Food consumption and body weight gain. Food consumption, ini-
tial and final weight, and body weight gain of hamsters fed the
various diets are presented in Table 2. Average food consumption
did not differ among the treatment groups. Initial body weights
were similar in all diet groups. All animals gained weight during
the experiment. After 5 wk of experimental feeding, diets had no
significant effect on final body weight or weight gain.

Plasma lipids and lipoproteins. Effects of the experimental
diets on plasma total cholesterol, HDL cholesterol, non-HDL

cholesterol, and the HDL cholesterol/total cholesterol ratio are
shown in Figure 1. Plasma total cholesterol concentrations
were higher (P < 0.005) in hamsters fed various cholesterol-
containing diets than in hamsters fed the noncholesterol diet.
The addition of fish oil esters of plant sterols to the cholesterol
diet partially prevented the increase in total cholesterolemia (P
= 0.001). However, such a beneficial impact on total choles-
terolemia was not observed when hamsters were fed the nones-
terified plant sterols. Consequently, plasma total cholesterol
concentrations were lower (P < 0.0001) in hamsters fed fish oil
esters of plant sterols than in hamsters fed nonesterified sterols.
Similar to plasma total cholesterol levels, HDL cholesterol con-
centrations were lower (P = 0.002) in fish oil ester-fed ham-
sters than in cholesterol-fed animals. However, the HDL cho-
lesterol/total cholesterol ratio remained unchanged in hamsters
fed fish oil esters of plant sterols. Nonesterified plant sterols re-
sulted in HDL cholesterol levels intermediate to, and not sig-
nificantly different from, those observed with cholesterol and
fish oil FA esters of plant sterols. In hamsters fed the fish oil
ester diet, non-HDL cholesterol levels were not significantly
decreased compared with hamsters fed the cholesterol diet.
When compared with the nonesterified sterol diet, however,
plant sterols esterified with fish oil FA significantly decreased
(P = 0.0016) the non-HDL cholesterol concentrations.

Plasma total TG concentrations in hamsters fed the experi-
mental diets are presented in Figure 2. TG levels were higher in
cholesterol-fed hamsters than in hamsters fed the cholesterol-free
diet, but the difference was significant only between sterol- and
noncholesterol-fed animals (P = 0.03). Fish oil esters of plant
sterols did not significantly lower plasma TG levels in compari-
son with nonesterified sterols and diets containing no plant sterols.

Plant sterol concentrations in whole red blood cells. No sig-
nificant impact of diets was observed on the cholesterol content
in whole red blood cells, with values of 5.56 ± 0.14, 6.38 ± 0.14,
6.00 ± 0.32, and 6.41 ± 0.42 mmol/g in hamsters fed the non-
cholesterol, cholesterol, sterols, and fish oil esters of plant sterols
diets, respectively. The concentrations of lathosterol, campes-
terol, and β-sitosterol, as well as the phytosterol/cholesterol ra-
tios in whole red blood cells are displayed in Figure 3. No sig-
nificant effect of diet was observed on cholesterol and lathosterol
concentrations. There was a trend toward lower lathosterol/cho-
lesterol ratios in the red blood cells of hamsters fed cholesterol-
containing diets compared with hamsters fed the noncholesterol
diet, but this was statistically significant only in comparison with
the fish oil ester group (P = 0.0468). Compared with the choles-
terol diet, nonesterified plant sterols and fish oil esters of plant
sterols did not affect the lathosterol/cholesterol ratios in red
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TABLE 2
Food Consumption and Body Weight of Golden Syrian Hamsters (n = 10 per group) Fed Experimental Diets
Varying in Cholesterol and Plant Sterol Content

Food consumption Initial body weight Final body weight Body weight gain
Dietary group (g/d) (g) (g) (g/35 d)

Noncholesterol 7.15 ± 0.16 117.97 ± 2.28 134.67 ± 2.19 16.70 ± 1.86
Cholesterol 6.92 ± 0.19 118.05 ± 2.39 130.92 ± 3.41 12.87 ± 2.30
Sterols 7.11 ± 0.14 118.20 ± 2.40 131.69 ± 2.35 13.49 ± 2.06
Fish oil esters of plant sterols 7.09 ± 0.21 118.30 ± 2.43 134.34 ± 3.31 16.04 ± 1.40



blood cells. Animals fed nonesterified sterols and fish oil esters
of plant sterols had higher campesterol concentrations and
campesterol/cholesterol ratios in red blood cells than animals fed
diets containing no added sterols (P < 0.0001). Sitosterol and
sitosterol/cholesterol ratios were higher (P < 0.0001) in the red
blood cells of hamsters fed fish oil esters of plant sterols than in
hamsters fed nonesterified sterols or no plant sterols.

Red blood cell fragility. O.D. did not differ between groups
after the red blood cells of hamsters fed the various diets were
added to eight different saline concentrations (data not shown).
Mean saline concentrations associated with 50% hemolysis
were similar among the dietary groups (0.48 ± 0.01%, 0.49 ±
0.01%, 0.49 ± 0.01%, and 0.48 ± 0.01% in hamsters fed the
noncholesterol, cholesterol, nonesterified sterols, and fish oil
esters of plant sterols diets, respectively).

DISCUSSION

In the present study, plant sterols esterified to fish oil FA lowered
plasma total cholesterol concentrations in hamsters, whereas
nonesterified plant sterols did not have such a beneficial impact.
No detrimental effect of plant sterols was observed on red blood
cell fragility, whether they were esterified with n-3 PUFA or not.

A lowering effect of plant sterols on total and LDL choles-
terol levels is a common observation in humans (3). Plant
sterols are thought to interfere with the intestinal absorption of
cholesterol by displacing cholesterol from micelles (4,28). An

up-regulation of the expression of ATP-binding cassette trans-
porters in intestinal cells, resulting in an increased excretion of
cholesterol by the enterocyte back into the lumen, may also be
implicated (29). Cholesterol metabolism in the hamster model
presents many similarities with that in humans, such as a low
rate of hepatic cholesterol synthesis (30) and a significant pro-
portion of cholesterol associated with the LDL fraction (31,32).
However, the impact of plant sterols on plasma cholesterol con-
centrations in hamsters is less consistent than in humans. In a
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FIG. 1. Total plasma cholesterol (a), non-HDL cholesterol (b), HDL-cholesterol (c), and HDL cholesterol/total cho-
lesterol ratio (d) in Golden Syrian hamsters (n = 10 per group) fed experimental diets varying in cholesterol and
plant sterol content for 5 wk. Values are means ± SEM. Noncholesterol, semipurified diet with no added cholesterol
or plant sterols; Cholesterol, diet with 0.25% cholesterol; Sterols, diet with 0.25% cholesterol plus 1% nonesterified
plant sterols; Fish oil esters, diet with 0.25% cholesterol plus 1.76% EPA and DHA sterol esters, providing 1% plant
sterols. Different letters represent significant differences between treatment groups (P < 0.05). For details on diet
composition, see Table 1. 

FIG. 2. Plasma total TG concentrations in Golden Syrian hamsters (n =
10 per group) fed experimental diets varying in cholesterol and plant
sterol content for 5 wk. Values are means ± SEM. Different letters repre-
sent significant differences between treatment groups (P < 0.05). For diet
descriptions see Figure 1; for details on diet composition see Table 1.



few studies, nonesterified plant sterols have been shown to de-
crease plasma cholesterol (33,34) and cholesterol absorption
(34). In other studies in hamsters, feeding plant sterol esters has
resulted in decreased total cholesterol concentrations (34–36).
However, in most of these studies showing a beneficial impact
of free or esterified plant sterols in hamsters, the amount of cho-
lesterol in the diet was lower (0.08–0.09%) (34,35) than in the
present experiment (0.25%). It is therefore possible that the hy-
percholesterolemic impact of a greater intake of cholesterol in
the present study may not have been counteracted completely
by plant sterol consumption. Other results are in accordance
with the absence of a beneficial impact of nonesterified plant
sterols, as observed in the present study (22,37,38). Indeed,
feeding a diet containing 1% of a plant sterol mixture supply-
ing almost no sitostanol for 45 d did not affect plasma choles-
terol concentrations in hamsters (22). In rats, a sitostanol-free
phytosterol mixture had no significant effect on total and LDL
cholesterol concentrations (37). However, when the rats were
fed a phytosterol mixture containing sitostanol, total and LDL
cholesterol levels were decreased (37). Similar results have
been obtained in rabbits fed increasing amounts of sitostanol
(38). A diet supplemented with a 1% phytosterol mixture fur-
nishing 0.01% sitostanol had no impact on total cholesterol

concentrations, whereas a higher concentration (0.8%) of
sitostanol was associated with a significant decrease in plasma
cholesterol levels (38). These data, along with those observed
in rats by Ling and Jones (37) and in hamsters by Ntanios and
Jones (22) as well as in the present study, suggest that plant
stanols may be more efficient in lowering cholesterolemia in
rodents than plant sterols.

In the present study, plasma total cholesterol concentrations
were significantly decreased in animals fed fish oil esters of
plant sterols compared with animals fed no plant sterols or non-
esterified plant sterols. Lower plasma cholesterol concentra-
tions have been reported previously in guinea pigs after con-
sumption of a phytosterol–fish oil conjugate (8). Phytosterols
esterified with EPA and DHA also have been shown to de-
crease total plasma cholesterol in obese, insulin-resistant rats
(9). In those studies in guinea pigs and obese rats, however, the
control diets did not contain nonesterified plant sterols. The re-
sults of the present study, where fish oil–phytosterol esters were
compared with nonesterified plant sterols, suggest that plant
sterols esterified with EPA and DHA may result in lower
plasma cholesterol concentrations than free sterols. On the
other hand, the hypocholesterolemic impact of fish oil esters of
plant sterols was accompanied by a decrease in HDL choles-
terol levels, but the HDL cholesterol/total cholesterol ratio re-
mained unchanged. This may be due in part to the fact that in
hamsters, HDL transport a larger proportion of cholesterol than
other lipoproteins (39). It is difficult to determine to which ex-
tent the decrease in total cholesterol in hamsters fed fish
oil–plant sterols in the present experiment may be due to a pos-
sible reducing effect of fish oil on total and HDL cholesterol.
Studies on the effect of fish oil on lipoprotein metabolism in
hamsters have led to inconsistent results, probably because of
the great variability in diet composition from one study to an-
other. Whereas decreased total and HDL cholesterol have been
reported in hamsters fed relatively high amounts of fish oil
(40–42), some studies have shown no lowering effect on total
and HDL cholesterol (41,43,44). Other results suggest that a
small amount of fish oil, similar to the one supplemented in the
present study, may not result in decreased total and HDL cho-
lesterol concentrations in cholesterol-fed hamsters. Indeed,
Surette et al. (45) reported no impact on total cholesterol with
doses of n-3 PUFA ranging from 0–1.9% (w/w diet), and no
lowering effect on HDL cholesterol levels with doses of 1.5%
or less. It is therefore possible that the improvement in plasma
total cholesterol concentrations in hamsters fed plant sterols es-
terified to fish oil FA is related to another mechanism. It could
be hypothesized that a higher bioavailability of esterified
sterols compared with nonesterified sterols might be impli-
cated. Indeed, sitosterol concentrations in red blood cells were
higher in hamsters fed fish oil esters of plant sterols compared
with hamsters fed nonesterified sterols, suggesting that sitos-
terol may be more bioavailable when supplied as fish oil FA
esters than in a free form. However, plasma campesterol con-
centrations were not increased after supplementation in an es-
terified form compared with a free form. The absorption of
campesterol is known to be higher (10–15%) than that of sitos-
terol (4–7%) (3). The increased concentrations of sitosterol, but
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FIG. 3. Plant sterol concentrations (a) and plant sterol/cholesterol ratios
(b) in whole red blood cells of Golden Syrian hamsters (n = 10 per group)
fed experimental diets varying in cholesterol and plant sterol content for
5 wk. Values are means ± SEM. Non-chol, noncholesterol diet; Chol, cho-
lesterol diet; Sterols, nonesterified plant sterol diet; Fish oil esters, diet
with fish oil esters of plant sterols. Different letters represent significant
differences between treatment groups (P < 0.05). For diet descriptions see
Figure 1; for details on diet composition see  Table 1.



not campesterol, when supplemented in esterified form may
suggest that esterification may increase the bioavailability of
plant sterols that are usually absorbed in small proportions,
such as sitosterol, and that no further increase may be obtained
for plant sterols that are already absorbed in high proportions,
such as campesterol. Further investigation is required to deter-
mine the impact of the esterification of different plant sterols
on their bioavailability.

The decrease in plasma total cholesterol concentrations ob-
served with fish oil esters of plant sterols in the present study was
reflected in non-HDL cholesterol concentrations, but this effect
was significant only in comparison with nonesterified sterols. In
guinea pigs, however, fish oil esters of plant sterols resulted in
lower non-HDL cholesterol concentrations than the control diet
(8). An increase in LDL cholesterol concentrations attributable
to fish oil supplementation has been documented in humans
(46,47) and hamsters (33,40,41). It is therefore possible that in
the present study, the lowering effect of plant sterols may have
been counteracted in part by an increasing effect of fish oil on
non-HDL cholesterol. Species differences in cholesterol metab-
olism may therefore be responsible for the discrepancies between
the present study in hamsters and results obtained in guinea pigs
and hypertensive rats (8,9). Whether fish oil esters of plant
sterols may be efficient in decreasing not only total cholesterol
but also LDL cholesterol, without affecting HDL cholesterol
concentrations in humans, remains to be determined.

The idea behind the esterification of plant sterols with fish oil
FA was to maximize their lipid-lowering effects by combining
the hypocholesterolemic properties of plant sterols with the hy-
potriglyceridemic action of fish oil FA. In the present study,
plasma TG concentrations were not significantly decreased in
hamsters fed fish oil esters of plant sterols compared with ham-
sters fed nonesterified sterols. These results may appear to be in-
consistent with the significant hypotriglyceridemic effect re-
ported in guinea pigs (8) and insulin-resistant rats (9) fed fish
oil–phytosterol conjugates. However, a decrease in triglyc-
eridemia following fish oil supplementation has not been consis-
tently observed in hamsters. Although some studies showed de-
creased plasma TG concentrations following fish oil feeding
(33,41,48,49), other reports did not show a beneficial impact on
TG levels (40,42–44). Variations in diet composition may be re-
sponsible for some of the discrepancies observed between stud-
ies in hamsters. It appears that cholesterol feeding may some-
what counteract the beneficial impact of fish oil on plasma TG
concentrations in hamsters. In fact, Kubow et al. (44) observed
higher plasma TG levels in hamsters fed a fish oil rich in choles-
terol compared with a low-cholesterol fish oil, as well as in ham-
sters fed a low-cholesterol fish oil to which cholesterol was
added compared with a low-cholesterol fish oil without added
cholesterol. In the present study, hamsters were fed 0.25% cho-
lesterol, whereas guinea pigs supplemented with fish oil–plant
sterol esters in the study of Ewart et al. (8) and insulin-resistant
rats in the study of Russel et al. (9) were fed regular low-choles-
terol rodent diets. The proportion of fish oil esters of plant sterols
in the diets and the quantity of EPA and DHA supplemented may
also explain in part the discrepancies between the results ob-
tained in the present study in hamsters and the beneficial effects

observed previously in guinea pigs and insulin-resistant rats
(8,9). Indeed, increasing the amount of n-3 FA in the diet of ham-
sters gradually lowered plasma TG concentrations (50). In the
study by Ewart et al. (8), the diets fed to guinea pigs contained
25 g/kg of phytosterol–fish oil conjugate, whereas the propor-
tion of fish oil esters in the diet fed to hamsters in the present
study was only 17.6 g/kg. It is therefore possible that the quan-
tity of EPA and DHA supplied to hamsters in the present study
may have been less than the amount of fish oil FA provided to
guinea pigs. Interestingly, Russell et al. (9) reported a diminu-
tion of plasma TG concentrations in obese, insulin-resistant rats
fed 2.6 g/kg body weight of phytosterol–fish oil esters, but no ef-
fect was observed on blood lipids when the rats were fed 0.5 g/kg
of fish oil esters. Since the fish oil ester preparation contained
55% of EPA and DHA, the dose of fish oil FA supplied to the
rats by 2.6 and 0.5 g/kg body weight of fish oil–plant sterol con-
jugate was 0.28 and 1.43 g/kg body weight, respectively (9). In
the present study, hamsters were fed approximately 0.23 g EPA
and DHA/kg body weight, given an approximate proportion of
EPA and DHA in the fish oil–plant sterol conjugate of 23%, an
average daily food consumption of 7 g/d, and an average body
weight of 125 g. Therefore, the absence of a significant effect of
fish oil esters of plant sterols on plasma TG concentrations in the
present experiment is in accordance with the absence of a bene-
ficial impact of the lowest dose of phytosterol–fish oil conjugates
(0.28 g EPA and DHA/kg body weight) given to obese rats (9).
Although the lipid metabolism in hamsters and obese, insulin-
resistant rats may differ, results from these studies suggest that
more than 0.2 g of fish oil FA/kg body weight is necessary to in-
duce a hypotriglyceridemic effect in rodents when EPA and
DHA are supplied in the form of plant sterol esters.

Compared with cholesterol, which is absorbed in the intes-
tine at 35–70%, plant sterols are poorly absorbed (10–15% for
campesterol and campestanol, 4–7% for sitosterol, and 1% for
sitostanol) (3). Nevertheless, in humans (51) and rodents
(37,52,53), an increased consumption of plant sterols leads to
higher levels of plant sterols in plasma. When present in the
blood circulation, plant sterols are partly incorporated in red
blood cell membranes (10,54). In the present study, campes-
terol and β-sitosterol concentrations were increased in whole
red blood cells of hamsters fed nonesterified sterols and fish oil
esters of plant sterols compared with hamsters fed diets con-
taining no added plant sterols. The increase in campesterol con-
centrations was more pronounced than the increase in β-sitos-
terol levels, reflecting a higher absorption of campesterol (55).
Results from a previous study suggested that the replacement
of a part of the cholesterol by plant sterols in red cell mem-
branes may decrease red blood cell deformability and life span
in stroke-prone spontaneously hypertensive rats (10). In the
present experiment, the amount of plant sterols fed to hamsters
(1 g/100 g diet) was higher than the quantity supplemented to
hypertensive rats (0.2 g/100 g) (10), and no detrimental effect
was observed on red blood cell fragility. A possible explana-
tion might be that spontaneously hypertensive rats suffer from
a deficiency of cholesterol in the blood and in cell membranes
(10). In these rats, plant sterol supplementation leads to lower
cholesterol concentrations in erythrocytes, possibly as a conse-
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quence of a higher absorption and incorporation of plant sterols
in tissues as a substitute for cholesterol (10). Although plant
sterol concentrations were increased in hamsters fed the plant
sterols in the present study, the cholesterol content in red blood
cells was not affected, suggesting that plant sterols replaced
only a very small proportion of cholesterol in the cell mem-
branes. In humans, consumption of a diet rich in plant sterols
(1 g/1000 kcal) (25,27) and supplementation of plant sterol es-
ters (54) did not affect red cell fragility. These data, along with
the findings of the present experiment, suggest that the results
obtained in spontaneously hypertensive rats fed plant sterols
cannot be extrapolated to other species or to hyperlipidemic,
otherwise healthy humans.

Some studies in rats (11,12) and humans (13–15) have sug-
gested that fish oil FA may decrease CVD risk in part by de-
creasing osmolar fragility and increasing the deformability of
red blood cells. In the present study, we tested for the first time
the impact on red cell fragility of fish oil FA in the form of plant
sterol esters. The fish oil–plant sterol conjugates did not mod-
ify the osmolar fragility of erythrocytes in hamsters. This is in
accordance with the results obtained from a previous study in
guinea pigs showing no effect of fish oil on red blood cell de-
formability (56). Another study in humans also has shown no
effect of supplementation with up to 6 g/d of EPA and DHA
ethyl esters (57). Some species differences may explain the dis-
crepancies between the effects observed in different studies, as
well as the form and quantity of n-3 PUFA supplemented.

Hence, EPA and DHA esters of plant sterols decreased
plasma total cholesterol concentrations in hamsters, whereas
nonesterified sterols did not have such a beneficial impact. No
significant hypotriglyceridemic effect was observed after fish
oil–plant sterol feeding, maybe because of the low dose of EPA
and DHA supplemented and the distinctive characteristics of
lipid metabolism in the hamster model. The present data show
that these new esters of plant sterols have no detrimental effect
on red blood cell fragility. Clinical trials are needed to evaluate
the impact of these conjugates on the lipoprotein profile and
other health risk parameters in humans.
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ABSTRACT: The distribution of D5-22:6n-3 following ingestion
of a pulse of D5-18:3n-3 was measured quantitatively by
GC–negative chemical ionization MS in lipid classes from liver,
cecal mucosa, and brain from rainbow trout to further our under-
standing of the processes determining accretion and turnover of
22:6n-3 in fish. The accretion of D5-22:6n-3 was expressed in
two ways, as percent enrichment and as ng D5-22:6n-3/µg 22:6n-3/
mg D5-18:3n-3 eaten. In cecal mucosa at 2 d post-dose, PC was
the most enriched lipid class followed by PE and then TAG. En-
richment fell in all lipid classes in cecal mucosa from 2 to 7 d
post-dose of D5-18:3n-3. In liver, PC was also the most enriched
lipid class at 2 d, but in this tissue all lipid classes were more en-
riched in D5-22:6n-3 by 7 d. When expressed in terms of the
22:6n-3 content of the different lipid classes, TAG became rela-
tively less important in cecal mucosa and more important in liver.
Over a time course of 3 to 35 d, the percent enrichment of D5-
22:6n-3 in liver peaked at 7 d in PC, PE, PS, and PI and fell rapidly
in TAG from 3 d. PC from liver was the most enriched lipid class
at 3 and 7 d, and thereafter PE was the most enriched lipid class.
However, TAG had the highest specific activity at all times ex-
cept 7 d. In brain, the enrichment of D5-22:6n-3 was very low in
all lipid classes at 3 d and increased progressively to 35 d with
PC and PE similarly enriched. TAG from brain had the highest
specific activity at all times. This study is the first to present quan-
titative information on rates of accretion and depletion of newly
synthesized 22:6n-3 into the main lipid classes of fish tissues. 

Paper no. L9486 in Lipids 40, 703–708 (July 2005).

There is little information in the literature describing quantita-
tively the metabolism of PUFA at the whole-animal level, in-
cluding the partitioning of newly synthesized or ingested PUFA
between different tissues and lipid classes. Consequently, it is
not possible to model the fate of dietary PUFA, which is a
major problem in our understanding of the metabolic interac-
tions between n-3 and n-6 PUFA and the importance of dietary
C18 vs. C20 and C22 PUFA. Stable isotope studies are now be-
ginning to address these issues. 

We have previously described a method for measuring
quantitatively the conversion of 18:3n-3 to 22:6n-3 in fish
using a deuterated tracer and GC–negative chemical ionization

(CI) MS (1). In rainbow trout fed a diet containing 18:3n-3 as
the only n-3 PUFA, conversion of 18:3n-3 to 22:6n-3 was slow,
and whole-body accumulation of newly synthesized 22:6n-3
peaked at 4.3 µg/g fish/mg 18:3n-3 eaten after 14 d (1). The
amount of newly synthesized 22:6n-3 peaked in liver at 7 d and
in brain and eyes at 24 d; in visceral and eye socket adipose tis-
sue it plateaued after 14 d (1). The capacity to synthesize 22:6n-
3 from 18:3n-3 changed rapidly during early development in
trout (2). First-feeding trout of ca. 0.2 g weight gave an initial
rate of 5.4 µg 22:6n-3/g fish/mg 18:3n-3 eaten/7 d, which in-
creased rapidly to ca. 50 µg 22:6n-3/g fish/mg 18:3n-3 eaten/7
d at around 1 g weight, then declined rapidly to ca. 12 µg
22:6n-3/g fish/mg 18:3n-3 eaten/7 d at 2 g weight and contin-
ued to fall thereafter (2). Using the same methodology, we
showed that, at 2 d post-dose of D5-18:3n-3, pyloric ceca con-
tained a higher concentration of newly synthesized D5-22:6n-3
than liver, indicating that pyloric ceca was capable of PUFA
synthesis (3). This has since been confirmed directly using fish
enterocytes (4). 

Few studies have examined the deposition of 22:6n-3 newly
synthesized from 18:3n-3 in different phospholipid classes from
different tissues. In trout hepatocytes incubated with 1-14C-
18:3n-3 or 1-14C-20:5n-3 for 3 h, 22:6n-3 was the major product
PUFA from both substrates and TAG was the major labeled lipid
class followed by PC (5). Turbot injected with 1-14C 22:6n-3
showed the greatest accumulation of label in PC after 48 h, fol-
lowed by PE, TAG, and sterol ester (6). Turbot brain cells incu-
bated with 1-14C-22:6n-3 for 6 h accumulated 22:6n-3 mainly in
PC, followed by PE, with very little in PS or PI (7).

This study was undertaken to obtain quantitative informa-
tion on the partitioning of newly synthesized 22:6n-3 into lipid
classes from three tissues in juvenile rainbow trout after feed-
ing a pulse of D5-18:3n-3. Liver and cecal mucosa were cho-
sen as tissues synthesizing 22:6n-3 and, over a longer time pe-
riod, liver was compared with brain, a tissue with a high re-
quirement for 22:6n-3. 

MATERIALS AND METHODS

Chemicals. Chloroform, methanol, ethanol, acetic acid, iso-
hexane, and diethyl ether were HPLC grade from Fisher (Lough-
borough, Leicestershire, United Kingdom). Diisopropylamine,
anhydrous acetonitrile, and pentafluorobenzyl (PFB) bromide
were obtained from Aldrich (Gillingham, Dorset, United King-
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dom). D5(17,17,18,18,18)-linolenic acid was purchased from
Cambridge Isotope Laboratories (Andover, MA) as the fatty acid
ethyl ester (FAEE). Heneicosatetraenoic acid (∆6,9,12,15-21:4)
ethyl ester was prepared by a one-carbon addition to 20:4n-6 FA
(8). All other chemicals were from Sigma (Poole, Dorset, United
Kingdom). TLC plates were from Merck (VWR International
Ltd., Poole, Dorset, United Kingdom).

Fish and diets. Rainbow trout were obtained from a com-
mercial hatchery and kept in a running freshwater aquarium at
ambient temperature (3.5 to 16.5°C) on a 14 h/10 h light/dark
cycle. Fish were fed a diet based on casein and a blend of veg-
etable oil containing predominantly oleic acid with 18:2n-6 and
18:3n-3 at approximately 1% each, this to maximize 22:6n-3
synthesis and satisfy the fishes’ EFA requirements. The full
composition of the diet was described previously (1). The final
diet provided 50% crude protein and 11% oil blended to give,
as a percentage of the final diet, 0.99% 18:2n-6, 1.02% 18:3n-
3, and 0.12% highly unsaturated FA (20:5n-3 and 22:6n-3)
from the fish meal, which was added to make the diet palatable
and readily accepted by the fish. The remaining FA were pre-
dominantly 16:0 (1.02%) and 18:1n-9 (7.18%). Fish from the
longer time course (up to 35 d) weighed 5.6 ± 1.0 g at the start
of the experiment and had been reared on the experimental diet
for 8 wk before feeding tracer (1). Fish from the shorter time
course had been on the experimental diet for 34 wk and
weighed 60.1 ± 11.3 g (3).

Preparation of labeled diet. A small portion of diet contain-
ing D5-18:3n-3 FAEE and 21:4n-6 FAEE was prepared as fol-
lows. An oil sample containing 10 mg D5-18:3n-3 FAEE, 2.5
mg 21:4n-6 FAEE, 153 mg of high oleic acid sunflower oil, and
61 µg antioxidant was dissolved in 0.82 mL of isohexane, and
1.335 g of dry diet mix was added. The isohexane was then re-
moved at 37°C under nitrogen and the diet desiccated in vacuo
for 18 h. The diet was mixed thoroughly, then 0.95 mL water
added and mixed to a stiff paste. This was extruded through a
1-mL disposable syringe, dried at room temperature for 2–3 h
and cut into 3–4 mm lengths. The diet was stored under argon
at −20°C and was used within 3 d. The 21:4n-6 FAEE was
added to diets as a marker since it is much less readily catabo-
lized than 18:3n-3 and therefore gives a higher recovery, en-
abling more precise determination of the amount of labeled diet
eaten by individual fish (1). 

Experimental protocol. Groups of fish were acclimated in a
100-L circular tank with running water for at least 4 d before
starting an experiment. They were then fed the labeled diet, all
of which was observed to be eaten, and fed the normal unla-
beled diet daily until sampled. The temperature ranged from
9.0 to 16.0°C during the experiments.

The fish were weighed and individual tissues dissected for
analysis as described earlier (1,3). Samples were homogenized
in chloroform/methanol 2:1 (vol/vol) using a Potter or Ultra-
Turrax homogenizer and an extract was prepared according to
Folch et al. (9). Tritricosanoyl glycerol (tri23:0) standard was
added to each tissue sample before homogenization. Samples
were kept on ice under nitrogen during workup and were stored
at −20°C under argon. 

Preparation of lipid classes. PC, PS, PI, PE, and TAG were
prepared from 1 mg of total lipid by TLC (20 × 20 cm, silica
gel 60, Merck no. 5721 plates) in methyl acetate/chloroform/
propan-2-ol/methanol/0.25% (by wt) KCl (25:25:25:10:9, by
vol). The plates were dried in vacuo for 30 min and redeveloped
in isohexane/diethyl ether/acetic acid (80:20:1, by vol) to sepa-
rate TAG. The dried plates were then sprayed with 0.1% (wt/vol)
2,7-dichlorofluorescein in 97% (by vol) methanol and the lipid
bands visualized under UV light. Bands were scraped from the
plates into stoppered test tubes and the lipids saponified in situ. 

Quantification of FA. Lipid samples were saponified with 2
mL of 0.1 M KOH in 95% (by vol) ethanol under argon for 1 h
at 78°C in the presence of 17:0 internal standard to quantify
unlabeled FA. Tri23:0 was added to the phospholipid classes to
quantify D5-FA. Saponified samples were then diluted with 5
mL of water, acidified, and the FFA extracted with diethyl
ether. PFB esters were then prepared using acetonitrile/diiso-
propylamine/PFB bromide (1000:10:1, by vol) at 60°C for 30
min under nitrogen (12). Excess reagent and solvent were re-
moved under nitrogen and samples dissolved in isohexane and
stored at −20°C under argon until analyzed. 

Calibration standards of individual FA (18:3n-3, 21:4n-6,
and 22:6n-3) with 23:0 were prepared by varying the amount
of each FA while keeping the 23:0 constant and plotting the
peak area ratio against the mass ratio of the different FA. Sam-
ple volumes for analysis were adjusted such that the amount of
23:0 injected onto the gas chromatograph–mass spectrometer
(GC–MS) was constant. PFB esters were chromatographed and
quantified on a Fisons MD 800 GC–MS fitted with an on-col-
umn injector and a ZB wax column (60 m × 0.32 mm i.d., 0.25
µm film thickness; Phenomenex, Macclesfield, Cheshire,
United Kingdom), using helium as carrier gas (column head
pressure 20 psi) and running in negative CI mode with methane
as reagent gas (pressure 7 psi). The temperature program was
80–240°C at 40°C/min, then 240°C for 50 min. FA were iden-
tified by selective ion scanning for the required masses using a
dwell time of 80 ms and cycle time of 20 ms, and quantified by
reference to the appropriate FA calibration curve. Calibration
curves were run before and after each batch of samples to check
the performance of the electron source.

FA analysis of PFB esters was performed on a Thermo
Finnigan Trace GC fitted with an electron capture detector, a
split injector (1:10 split ratio) (Thermo Finnigan, Hemel Hemp-
stead, Herts, United Kingdom), and a ZB Wax column (30 m ×
0.25 mm i.d., 0.25 µm film thickness) (Phenomenex) using he-
lium as carrier gas at a constant flow rate of 2 mL/min. The
temperature was programmed from 110 to 240°C at 20°C/min
then held at 240°C for 25 min. 

Quantification of lipid classes. Lipid classes were resolved
by double-development high-performance TLC (HPTLC; 10 ×
10 cm, silica gel 60, Merck no. 5633 plates) using the two sol-
vent systems given earlier (10). After chromatography, plates
were dried, sprayed with 3% (wt/vol) cupric acetate in 8% (by
vol) phosphoric acid (11), and charred at 160°C for 15 min.
Quantification was performed using a Camag TLC scanner 3
(VWR International Ltd.).
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Statistical analysis. Sample means were compared using ei-
ther one-way ANOVA or a paired t-test using GraphPad
Prism® (San Diego, CA).

RESULTS

PC was the most enriched lipid class in cecal mucosa at all
times, with a peak enrichment of 0.1922% at 2 d falling to half
this level by 7 d (Fig. 1A). PE was the next most enriched lipid
class in cecal mucosa (0.0682% enrichment at 5 d) with low
enrichments in TAG, PI, and PS (Fig. 1A). Liver showed the
opposite pattern of D5-22:6n-3 accretion. Enrichments were
higher at 7 d than 2 d in all lipid classes from liver (Fig. 1B). In
liver, PC was again the most enriched lipid class at all times,
but levels increased more than fivefold between 2 and 7 d
(0.4053% enrichment at 7 d) (Fig. 1B). Liver PE and TAG
showed a large increase between 2 and 7 d (6- and 12-fold, re-
spectively). Amounts of D5-22:6n-3 in PS and PI, although in-
creasing from 2 to 7 d, were low (Fig. 1B). 

When the results are expressed as the amount of D5-22:6n-3
relative to the content of 22:6n-3 in each lipid class, the pattern

of distribution within the different lipid classes changes owing
to the contribution of each lipid class to the total lipid class pool
and the concentration of 22:6n-3 in that lipid class. The unit ng
D5-22:6n-3/µg 22:6n-3/mg D5-18:3n-3 eaten is analogous to
the term specific activity used with radioisotopes, with a cor-
rection to account for the different amounts of tracer eaten by
individual fish. When expressed in terms of 22:6n-3 content,
the differences between phospholipid classes were less marked
in cecal mucosa (Fig. 2A). The contribution of TAG also be-
comes less important because this is the major lipid class in
cecal mucosa. PC showed the highest specific activity (5.57 ng
D5-22:6n-3/µg 22:6n-3/mg D5-18:3n-3 eaten at 2 d), PE and PI
were similar, and PS and TAG much lower (Fig.2A). The low
content of 22:6n-3 in TAG from liver meant that the specific
activity of TAG was higher than that of the four phospholipid
classes at all times (Fig. 2B). 

Over the longer time course to 35 d, PC was again the main
site of deposition of newly synthesized D5-22:6n-3 in liver with
the percent enrichment increasing rapidly from 3 to 7 d to peak
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FIG. 1. The percent enrichment of D5–22:6n-3 in lipid classes from
cecal mucosa (A) and liver (B) 2 to 7 d post-feeding D5-18:3n-3. Bars
represent mean ± SD, n = 4 for day 2 and n = 3 for days 5 and 7. Com-
parison of day 2 liver vs. day 2 cecal mucosa gave P = 0.0253 for PS
and P = 0.0065 for PI (paired Student t-test). 

FIG. 2. The distribution of D5-22:6n-3 in lipid classes from cecal mu-
cosa (A) and liver (B) 2 to 7 d post-feeding D5-18:3n-3 expressed as ng
D5-22:6n-3/µg 22:6n-3/mg D5-18:3n-3 eaten. Bars represent mean ±
SD, n = 4 for day 2 and n = 3 for days 5 and 7. Comparison of day 2
cecal mucosa vs. day 2 liver gave P = 0.0495 for PC, P = 0.0265 for PS,
P = 0.0232 for PI, and P = 0.0082 for TAG (paired Student t test). 



at 0.2047% then falling steadily to 35 d (Fig. 3A). PE was the
next most enriched lipid class in liver, plateauing at
0.061–0.077% enrichment between 7 and 24 d (Fig. 3A). Very
little D5-22:6n-3 was found in PS and PI from liver (<0.0087
and <0.0049%, respectively), but the pattern of accumulation
was similar to PE, peaking between 7 and 24 d (Fig. 3A). In
TAG, peak enrichment in D5-22:6n-3 was at 3 d (0.0212%),
about one-third the level in PC at that time, and fell steadily to
35 d (Fig. 3A). By 35 d the percent enrichments in PC and PE
were very similar and those in PS, PI, and TAG about tenfold
lower (Fig. 3A). 

In brain, very little D5-22:6n-3 was present at 3 d in any
lipid class (Fig. 3B). D5-22:6n-3 accumulated in PC and PS up
to 35 d (0.0204 and 0.0060% enrichment, respectively) and
plateaued in PE and TAG around 14 to 35 d (peaks of 0.0210
and 0.0072% enrichment, respectively) (Fig. 3B). Thus, PC
and PE were equally enriched by 35 d, with much lower
amounts of D5-22:6n-3 in PS and TAG. Very little D5-22:6n-3

was found in PI throughout the time course, peaking at
0.0008% enrichment at 35 d (Fig. 3B).

TAG had the highest specific activity of incorporated D5-
22:6n-3 in liver (24.0 ng D5-22:6n-3/µg 22:6n-3/mg D5-18:3n-
3 eaten at 3 d) owing to the low content of 22:6n-3 (2.9 mol%)
(Fig. 4A). PC and PE, with the highest 22:6n-3 contents (23.0
and 27.3 mol%, respectively), become relatively less important
with peaks of 21.5 and 12.8 ng D5-22:6n-3/µg 22:6n-3/mg D5-
18:3n-3 eaten, respectively, at 7 d (Fig. 4A). PS and PI also be-
come more important relative to PC and PE owing to their
smaller contributions to the lipid class pool and lower 22:6n-3
content (6.3% in the case of PI). The low amount of 22:6n-3 in
TAG from brain (5.5 mol%) compared with PC, PS, and PE
(22.7, 34.2, and 32.2 mol%, respectively) gave TAG the high-
est specific activity at all time points in brain, and markedly so
from 14 d onward (Fig. 4B). Within the phospholipid classes
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FIG. 3. The percent enrichment of D5-22:6n-3 in lipid classes from liver
(A) and brain (B) 3 to 35 d post-feeding D5-18:3n-3. Mean ± SD, n = 5
for day 3, n = 4 for day 7, n = 5 for day 14, n = 3 for day 24, and n = 4
for day 35. One-way ANOVA gave differences for liver of P = 0.0038
for PC, P < 0.0001 for PS and PI, P = 0.0002 for PE, and P < 0.0007 for
TAG, and for brain of P < 0.0001 for PC, PS, PI, PE, and TAG. Different
superscripts within classes represent differences significant at P < 0.01. 

FIG. 4. The distribution of D5-22:6n-3 in lipid classes from liver (A) and
brain (B) 3, 7, 14, 24, and 35 d post-dose of D5-18:3n-3 presented as
ng D5-22:6n-3/µg 22:6n-3/mg D5-18:3n-3 eaten. Mean ± SD, n = 5 for
day 3, n = 4 for day 7, n = 5 for day 14, n = 3 for day 24, and n = 4 for
day 35. One-way ANOVA gave differences for liver of P < 0.0007 for
PC, P = 0.0036 for PS, P = 0.0017 for PI, P = 0.0010 for PE, and P =
0.1757 for TAG, and for brain of P < 0.0001 for PC, PS, PE, and TAG
and P = 0.0098 for PI. Different superscripts within classes represent
differences significant at P < 0.01.



from brain, the specific activities of D5-22:6n-3 were similar
throughout the time course (Fig. 4B). 

DISCUSSION

In the present study, we examined the distribution of D5-22:6n-
3 in the main lipid classes from three tissues of juvenile trout
following ingestion of a pulse of D5-18:3n-3. The FA composi-
tions of the rearing diet and the diet containing the D5-18:3n-3
tracer were identical, so the fish were under steady-state condi-
tions with respect to dietary FA intake throughout the pre-ex-
perimental and experimental periods. Liver and ceca were ex-
amined as tissues involved in 22:6n-3 synthesis, and brain as a
tissue with a high requirement for this PUFA (13). A number
of factors influence the kinetics of PUFA metabolism and dis-
tribution of PUFA within tissues and lipid classes, including
the lipid form in which FA tracer is supplied, the route of up-
take (ingestion or injection), the nutrient and physiological sta-
tus of the organism, and developmental stage. The substrate for
the desaturases and elongases may be esterified FA, which
could influence accretion in different lipid classes. In plants it
is well established that FA esterified to PC is the main substrate
rather than acyl CoA (14), and a ∆-5 desaturase from rat liver
uses sn-2 esterified PUFA of lecithin (15). When comparing
studies on fish and mammals, other factors are also significant,
including slower metabolic processes in poikilotherms, differ-
ent absolute and relative requirements for n-3 and n-6 PUFA,
and gut as well as liver being an important site of 22:6n-3 syn-
thesis in salmonid fish. 

Over a short time course of up to 7 d, the distributions of
D5-22:6n-3 in lipid classes from cecal mucosa and liver were
very different. Peak accretion of D5-22:6n-3 was at 2 d in all
lipid classes in cecal mucosa whereas, in liver, D5-22:6n-3 in-
creased in all lipid classes from 2 to 7 d. PC was much more
enriched than TAG in cecal mucosa. The amount of D5-22:6n-
3 in PI from cecal mucosa was unexpected since this PUFA is
not accumulated in PI to any great extent (e.g., Ref. 16) but it
was turned over at a similar rate to PE. In liver, PC was the pre-
dominant site of D5-22:6n-3 accretion, with TAG becoming in-
creasingly important by 7 d, though the large scatter in day 7
data makes interpretation difficult. In trout hepatocytes incu-
bated with 14C-18:3n-3, TAG was the major labeled lipid class
at 3 h followed by PC (5).

Liver and cecal mucosa therefore appear to be processing
22:6n-3 in different ways. Gut cells have a high turnover, and
therefore substantially more PUFA may be required for local
use in this tissue than in liver, which has a major role in the syn-
thesis of PUFA for the whole organism. The increase in D5-
22:6n-3 in liver TAG is suggestive of 22:6n-3 for export, but it
is possible that 22:6n-3 is exported from liver, and especially
from ceca, as PC or is converted to lysophosphatidylcholine
(LPC) (17). Rat liver can secrete large amounts of LPC, which
is bound to albumin in the blood, and LPC is often the second
most abundant phospholipid in plasma (18). A major propor-
tion of the FA in rat LPC was PUFA (18). It was concluded that
LPC may be an important delivery system for PUFA and
choline to other tissues (18). 

The percent enrichment of D5-22:6n-3 up to 7 d in the four
phospholipid classes from liver was similar over the short and
long time courses. The amount of D5-22:6n-3 fell in all lipid
classes from liver from 7 d onward, the decrease being most
marked in PC indicating a more rapid turnover of this lipid
class. The main differences between the two time courses was
that the D5-22:6n-3 content of TAG fell from 3 d over the long
time course whereas it increased from 2 to 7 d over the short
time course. This difference may be due to the size of the fish
in the two experiments (5.6 g increasing to 10.4 g, long time
course, ca. 60 g, short time course) with the former group
growing rapidly with an increasing lipid pool. 

PC and PE from brain were similarly enriched in D5-22:6n-
3 throughout the time course, and by 35 d the specific activity
of all four phospholipid classes from brain was similar. TAG
from brain showed by far the highest specific activity of D5-
22:6n-3 and therefore turnover of 22:6n-3. The phospholipids
in liver were more enriched than their counterparts in brain at 7
d by 10- to 20-fold. A study by Lagarde et al. (19) concluded
that LPC may be the preferred physiological carrier of 22:6n-3
to the brain. If the blood–brain barrier in fish is similar to that
in mammals with respect to FA transport, then 22:6n-3 is prob-
ably entering as FFA or LPC and is then incorporated into brain
phospholipids, either by deacylation-reacylation reactions or
by synthesis of the entire phospholipid de novo. The rapid ac-
cretion of newly synthesized 22:6n-3 in TAG from brain is
therefore rather surprising and underlines our lack of knowl-
edge of these processes in fish brain. 

The essentiality of 22:6n-3 in neural tissues is largely im-
parted by DHA-enriched aminophospholipids, and the brain of
rainbow trout contains large amounts of 22:6n-3, much of it as
di22:6n-3 molecular species of phospholipids (20). However, de-
spite the crucial importance of 22:6n-3 in neural tissue, the up-
take of 22:6n-3 in brain appears to be a slow process. After 7 d,
the percent enrichment in PC from liver was 37 times higher than
in PC from brain, which was the most enriched lipid class in
brain by some margin. In whole trout, the turnover of 22:6n-3
was estimated to be 0.17%/d (1). The data here showed that the
accumulation of newly synthesized 22:6n-3 was slow in PE and
PS from brain even though this was the most abundant FA in
these lipid classes. Several dietary repletion studies in mammals
have shown that recovery of 22:6n-3 levels in neural tissues is
slow. In rhesus monkeys recovering from an n-3-deficient diet,
the half-life of 22:6n-3 in brain PE was estimated to be 21 d (21).
n-3-Deficient rats fed a repletion diet replaced 22:6n-3 in serum
and liver within 2 wk, but full recovery in brain and retina took 8
wk, suggesting that a slow exchange with 22:5n-6 limited 22:6n-
3 repletion in neural tissues (22). Rapoport et al. (23) found that
after intra-arterial injection of tracer in rats, 2–8% of esterified
brain 22:6n-3 was replaced daily by unesterified PUFA in
plasma, indicating a half-life of 1–2 wk for plasma–brain ex-
change of 22:6n-3 in the order PE > PC > TAG > PI > PS.
Though the concentration of FFA in plasma was very low, the
plasma–brain exchange was very rapid and the rate was thought
to be sufficient to supply the brain without the need for exchange
of lipoproteins. Slow FA turnover seems to be an inherent prop-
erty of brain lipids.

LIPID CLASS DISTRIBUTION OF NEWLY SYNTHESIZED DHA 707

Lipids, Vol. 40, no. 7 (2005)



In humans, studies on PUFA turnover have concentrated, of
necessity, on plasma lipids. Following ingestion of 13C-22:6n-
3 as PC, labeled FA first appeared in plasma as nonesterified
FA and TAG, then as LPC and finally as PC and PE (24). This
study concluded that the form of ingested 22:6n-3 affected the
kinetics and metabolic fate of this FA. In human females, 13C-
22:6n-3 was sevenfold higher in plasma PC than in TAG fol-
lowing ingestion of 13C-18:3n-3 as FFA (25).

The present study has shown that there are substantial dif-
ferences in the rates of accretion of newly synthesized 22:6n-3
in lipid classes from different tissues in rainbow trout. Gener-
ally, PC, PE, and TAG had higher accretion rates than PS or PI.
These differences probably reflect varied functions between tis-
sues and lipid classes. Phospholipid from cecal mucosa con-
tained the great majority of newly synthesized 22:6n-3 in that
tissue, whereas in liver TAG was relatively more important. If
cecal mucosa exports 22:6n-3, it is likely to be as PC or per-
haps LPC and not as TAG. Brain accumulated a surprising
amount of D5-22:6n-3 in TAG, given the abundance and func-
tional significance of 22:6n-3 in phospholipid from this tissue.
Much remains to be elucidated regarding the transport of EFA
between and within cellular compartments in fish.
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ABSTRACT: Atlantic salmon were fed fish meal-based diets
supplemented with either 100% fish oil (FO) or 100% rapeseed
oil (RO) from an initial weight of 85 g to a final average weight of
280 g. The effects of these diets on the capacity of Atlantic salmon
hepatocytes to elongate, desaturate, and esterify [1-14C]18:1n-9
and the immediate substrates for the ∆5 desaturase, [1-14C]20:3
n-6 and [1-14C]20:4n-3, were investigated. Radiolabeled 18:1n-9
was mainly esterified into cellular TAG, whereas the more
polyunsaturated FA, [1-14C]20:3n-6 and [1-14C]20:4n-3, were
primarily esterified into cellular PL. More of the elongation prod-
uct, [1-14C]20:1n-9, was produced from 18:1n-9 and more of the
desaturation and elongation products, 22:5n-6 and 22:6n-3, were
produced from [1-14C]20:3n-6 and [1-14C]20:4n-3, respectively,
in RO hepatocytes than in FO hepatocytes. Further, we studied
whether increased addition of [1-14C]18:1n-9 to the hepatocyte
culture media would affect the capacity of hepatocytes to oxidize
18:1n-9 to acid-soluble products and CO2. An increase in exoge-
nous concentration of 18:1n-9 from 7 to 100 µM resulted in a
nearly twofold increase in the amount of 18:1n-9 that was oxi-
dized. The conversion of 20:4n-3 and 20:3n-6 to the longer-chain
22:6n-3 and 22:5n-6 was enhanced by RO feeding in Atlantic
salmon hepatocytes. The increased capacity of RO hepatocytes
to produce 22:6n-3 was, however, not enough to achieve the lev-
els found in FO hepatocytes. Our data further showed that there
were no differences in the hepatocyte FA oxidation capacity and
the lipid deposition of carcass and liver between the two groups.

Paper no. L9624 in Lipids 40, 709–717 (July 2005).

The use of vegetable oils as a substitute for fish oil (FO) in high-
energy diets of farmed fish has increased in recent years owing
to the limited availability of FO (1–10). A major reason for
adding dietary marine oils to salmon feed is to provide adequate
amounts of PUFA of the n-3 series in the fish muscle so as to se-
cure the nutritional quality of the fish for human consumption.
Many studies in the last decade have shown that salmonids can
use vegetable oils in seawater without negative effects on fish
growth (1,2,5,7) provided the diets contain enough n-3 PUFA to
satisfy EFA requirements (3,4,6,8,11). Rapeseed oil (RO) is a

good supplement for FO in salmon feeds as it has moderate lev-
els of 18:3n-3, is relatively rich in 18:2n-6, and is very rich in
18:1n-9 (7). Culture of salmonids on diets containing high levels
of vegetable oils does, however, considerably alter the FA com-
position of the fish muscle, giving high levels of C18 FA and
much lower levels of the PUFA 20:5n-3 and 22:6n-3, which are
known to have several positive health effects in humans (2,7).
The level of these healthful PUFA in fish muscle may be of
major importance for the human acceptance of the salmon prod-
uct. For this reason, there is currently considerable interest in cre-
ating diets with FA compositions that can enhance the ability of
the fish to produce 20:5n-3 and 22:6n-3 from 18:3n-3, by stimu-
lation of the ∆5 and ∆6 desaturases and the elongases involved in
the conversion (10). Atlantic salmon can elongate and desaturate
C18 FA of the n-3 and n-6 series to C20 and C22 PUFA (8,11–13).
The composition of lipids in the diet may, however, modulate the
ability of the fish to desaturate and to elongate these FA
(11,13–16). Ruyter et al. (11) showed that the rates of conver-
sion of 18:3n-3 and 18:2n-6 to 22:6n-3 and 22:5n-6, respectively,
are higher in hepatocytes from Atlantic salmon fed an EFA-defi-
cient diet than they are in hepatocytes from fish fed a FO diet.
The activity of the ∆5 desaturase in Atlantic salmon is also found
to be higher in hepatocytes from fish fed a diet containing a 1:1
blend of linseed oil and RO than it is in fish fed a diet containing
FO (12). This is also the case for fish fed soybean oil diets (17).
C18 FA were used as radiolabeled substrates for all these studies
of desaturation and elongation capacities. It is known, however,
that high levels of C18 FA may inhibit the conversion of 18:3n-3
to 22:6n-3 in Atlantic salmon, owing to the competition between
C18 FA and C22 FA for the same ∆6 desaturase (18). In this trial,
we incubated with the longer-chain radiolabeled specific ∆5 de-
saturase substrates, 20:4n-3 and 20:3n-6, to test whether RO
feeding affected the production of 22:6n-3 and 22:5n-6 from C20
FA in Atlantic salmon hepatocytes.

To avoid increased lipid deposition, it is important that the FA
of the dietary oil is easily oxidized by the fish. In vitro studies of
mitochondrial β-oxidation in fish suggest that saturated and mo-
nounsaturated FA are preferred over PUFA as FA substrates (re-
viewed by Henderson, 19), but it is not yet known whether RO
feeding affects the capacity of salmon liver to oxidize 18:1n-9,
which is the dominant FA of RO. Another aim of this study was
to investigate whether a dietary supplementation of RO to At-
lantic salmon affects the capacity of hepatocytes to oxidize
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18:1n-9 and, further, whether it affects lipid deposition in the car-
cass and the liver.

MATERIALS AND METHODS

Chemicals. The radiolabeled FA [1-14C]18:1n-9, [1-14C]20:3n-
6, and [1-14C]20:4n-3 were obtained from American Radiola-
beled Chemicals (St. Louis, MO); and nonlabeled FA, BSA that
was essentially free of FA, HEPES, 2′,7′-dichlorofluorescein,
and collagenase type 1 were obtained from Sigma Chemical Co.
(St. Louis, MO). Metacaine (MS-222) was obtained from Norsk
Medisinaldepot (Oslo, Norway). Acetic acid, chloroform, petro-
leum ether, and methanol were all obtained from Merck (Darm-
stadt, Germany). Benzene was obtained from Rathburn Chemi-
cals Ltd. (Walkerburn, Scotland). Methanolic HCl and 2,2-
dimethoxypropane were purchased from Supelco Inc.
(Bellefonte, PA). Silica gel K6-coated glass plates were obtained
from Whatman International Ltd. (Maidstone, England).

Fish, facilities, and experimental design. The trial was con-
ducted at the AKVAFORSK Research Station, Sunndalsøra,
Norway. Atlantic salmon (Salmo salar) with a mean initial
weight of approximately 85 g were placed into six cylindrical-
conical tanks (0.85 m diameter) with 40 fish per tank. The tanks
were supplied with seawater at a constant temperature of 12°C.
The fish were fed commercial diets before the start of the experi-
ment. The growth trial consisted of one period of 8 wk. Two diets
were randomly assigned to triplicate tanks. The feed was distrib-
uted by electrically driven disc-feeders (Akvaprodukter AS, Sun-
ndalsøra, Norway). The tanks were designed such that waste
feed could be collected from the effluent water in wire mesh
boxes. Uneaten feed was collected to monitor daily feed intake
in each tank (20).

Diets. The experimental fishmeal-based diets were provided
by EWOS Innovation SA (Dirdal, Norway) in the form of 3-

mm pellets. The feed contained 0.1% yttrium oxide (Y2O3) as
an inert marker for determining digestibility (21). The experi-
mental diets, FO and RO, were produced from one common
feed mix. The two diets were obtained by coating the common
feed pellet with the different oils. The diets contained either
100% FO (capelin oil) or 100% RO. Table 1 shows the formu-
lations and chemical compositions of the diets.

Initial and final sampling. The fish were fasted for 2 d before
the initial sampling. The fish from each tank were anesthetized
in MS-222, weighed, and measured at the beginning and at the
end of the experiment. The fish were not fasted before the final
sampling, because of the collection of feces. Five fish from each
tank were stripped to collect fecal samples following the proce-
dure described by Austreng (22). Fecal samples from each tank
were pooled. The samples were stored at −20°C prior to analy-
ses. A further five fish per tank were anesthetized, killed by a
blow to the head, and used for determination of whole body
chemical composition.

Chemical analysis. Fish sampled at the beginning and at the
end of the experiment were analyzed for dry matter (DM), fat,
protein, ash, and energy. DM was determined by drying the fish
homogenate to constant weight at 105°C. All diets and fecal
samples were analyzed for DM, fat, protein, ash, energy, and
yttrium. The amount of protein was determined using a Kjeltec
Autoanalyser-N*6.25, whereas the amount of ash was deter-
mined by heating to 550°C until constant weight was reached.
The amount of fat was determined by ethyl-acetate extraction
[NS 9402, 1994 (Atlantic Salmon—Fat Measurement, Norwe-
gian Standards Association, Oslo)], and the amount of yttrium
by using inductively coupled plasma-atomic emission spec-
troscopy at Jordforsk, Ås, Norway, after wet-ashing the sam-
ples. Energy in the diets, feces, and whole fish homogenates
was analyzed by adiabatic bomb calorimetry using a Parr 1271
bomb calorimeter.

Preparation of salmon hepatocytes. Hepatocytes were iso-
lated from three fish from each tank. The fish were anesthetized
in MS-222. The abdominal cavity was exposed and the vena
porta cannulated. The liver was perfused, and parenchymal
cells were isolated using a two-step collagenase perfusion pro-
cedure as described by Seglen et al. (23) and modified by Dan-
neving and Berg (24). After collagenase perfusion, the
parenchymal cells were easily isolated by gently shaking the
liver in Leibowitz-15 medium (L-15). The suspension of
parenchymal cells was filtered through a nylon filter with 100-
µm mesh. Hepatocytes were isolated from the filtrate by cen-
trifuging it three times, each time for 2 min at 50 × g. The he-
patocytes were resuspended in L-15 culture medium contain-
ing 2% FBS, 2 mM L-glutamine, and 0.1 mg/mL gentamycin.
Cell viability was assessed by staining with Trypan blue
(0.4%). The protein content of the cell suspension was deter-
mined using the method described by Lowry et al. (25). Ap-
proximately 9 ×106 cells (9–10 mg of protein) were plated onto
75 mL Nunc flasks and left to attach overnight at 12°C. 

Incubations with radiolabeled FA. The hepatocytes were
thoroughly washed with L-15 medium without additional
serum and then incubated at 12°C before the incubation with
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TABLE 1
Formulations and Chemical Compositions of the Dietsa

Diets

FO RO

Formulation (% of total)
Fish meal, LT 67.8 67.8
Capelin oilb 21.3
Rapeseed oilc 21.3
Wheat 10.4 10.4
Astaxd-Cantaxe 0.06 0.06
Mineral/vitamin premix 0.49 0.49
Yttrium oxide 0.01 0.01

Chemical composition
Dry matter (%) 97.1 97.3
Protein (%) 51.9 51.8
Fat (%) 26.9 28.0
Ash (%) 10.8 10.7
Energy (MJ/kg) 23.8 23.9

aDiets: FO (100% fish oil diet), RO (100% rapeseed oil diet).
bCapeline oil, Norsildmel, Bergen, Norway.
cRapeseed oil, Ohlmuhle, Germany.
dAsta, BASF, lucanthin red.
eCanta, lucanthin pink.



radiolabeled FA. We analyzed the desaturation and elongation
of FA in hepatocytes incubated for 24 h with 35 nmol
[1-14C]18:1n-9, [1-14C]20:3n-6, or [1-14C]20:4n-3 (final con-
centration 7 µM), and 10 mM lactate in a total volume of 5 mL
L-15 medium. The specific radioactivity of the FA was 55
mCi/mmol (1.9 µCi of radioactive FA substrate was added to
each cell flask). Hepatocytes were incubated, in a parallel ex-
periment, with 500 nmol of [1-14C]18:1n-9 in a total volume of
5 mL L-15 medium (final concentration 100 µM). The specific
radioactivity of the FA was 10 mCi/mmol (5 µCi of radioac-
tive FA substrate was added to each cell flask). The radiola-
beled FA were added to the medium in the form of their potas-
sium salts bound to BSA. Control incubations were performed
for each radiolabeled FA substrate, and they were treated in the
same way as the samples, except that the cell protein was de-
naturated by heating to 80°C prior to the incubations. Samples
were incubated for 24 h, and then the culture medium was
transferred to vials and centrifuged for 5 min at 50 × g. The su-
pernatants were immediately frozen at −40°C and stored until
the analysis of radiolabeled lipids. Hepatocytes remaining in
the culture flask were washed twice in PBS. The cells were then
harvested in PBS, frozen at −40°C, and stored until the analy-
sis of radiolabeled lipids.

Lipid extraction, analysis of lipid classes, and FA composi-
tion. Total lipids were extracted from culture media and cells
using the method described by Folch et al. (26). The chloro-
form phase produced by the method of Folch et al. was then di-
vided in two. One part of the lipid extract was dried under ni-
trogen gas, and the residual lipid extract was redissolved in
hexane. FFA, phospholipids (PL), MAG and DAG (MDG), and
TAG were separated by TLC using a mixture of petroleum
ether, diethyl ether, and acetic acid (113:20:2 by vol) as the mo-
bile phase. The TLC plates were sprayed with 0.2% (wt/vol)
2′,7′-dichlorofluorescein in methanol and viewed in UV light.
Then the lipids classes were identified by comparison with
known standards. The spots corresponding to PL, FFA, MDG,
and TAG were scraped off into vials containing liquid scintilla-
tion fluid (InstaGel II Plus; Packard Instrument, Downers
Grove, IL), and radioactivity was measured using a liquid scin-
tillation counter (Tri-Carb 1900TR; Packard Instrument).

The remaining lipid extract was placed into glass tubes and
transmethylated overnight with 2,2-dimethoxypropane,
methanolic HCl, and benzene at room temperature, as described
by Mason and Waller (27). The compositions of the radioactive
FA of the total lipid fraction were determined by reversed-phase
HPLC as described by Narce et al. (28) The mobile phase was
acetonitrile/H2O (80:20 vol/vol, isocratic elution) at a flow rate
of 1 mL/min at 30°C. A reversed-phase Symmetry 3.5 µm C-18
HPLC column from Waters was used. The levels of radioactivity
from FA were measured in a radioactive flow detector A100 (Tri-
Carb 1900TR; Packard Instuments). The absorbance of nonra-
dioactive FA was measured in a UV detector (SPD-6AV UV-vis-
ible spectrophotometric detector; Shimadzu) at 215 nm. The FA
were identified by comparing the sample retention times with the
retention times of FA standards.

The total FA compositions of hepatocytes were determined
essentially as described by Ruyter et al. (17). Lipids were ex-
tracted and then transmethylated as described above. The
methyl esters of FA thus formed were separated in a gas chro-
matograph (GC) using a Perkin-Elmer Auto system GC
equipped with an injector, programmable split/splitless injector
with a CP Wax 52 column (length 25 m, internal diameter 0.25
mm, and film thickness 0.2 µm), FID. The carrier gas was He,
and the injector and detector temperatures were 280°C. The
oven temperature was raised from 50 to 180°C at the rate of
10°C min−1, and then raised to 240°C at the rate of 0.7°C min−
1. The relative quantity of each FA present was determined by
measuring the area under the peak corresponding to the partic-
ular FA.

Measurement of [1-14C]ASP (acid-soluble products) and [1-
14C]CO2. FA oxidation was measured essentially as described
by Christiansen et al. (29). The amount of gaseous [1-14C]CO2
produced during the incubation was determined by transferring
1.5 mL of medium to a glass vial, which was then sealed. The
glass vial had a central well containing Whatman filter paper
moistened with 0.3 mL of phenylethylamine/methanol (1:1,
vol/vol). The medium was acidified with 0.3 mL 1 M HClO4.
The samples were incubated for 1 h, and then the wells, contain-
ing the filter papers, were placed into vials for scintillation count-
ing. The quantities of [1-14C]

ASP present were determined by acidifying 1 mL of the
medium with 0.5 mL ice-cold 2 M HClO4 and incubating the
sample for 60 min at 4°C. The medium was then centrifuged,
and an aliquot of the supernatant was collected for scintillation
counting.

Calculations. Apparent digestibility coefficients were cal-
culated as described by Austreng et al. (21). Hepatosomatic
index (HSI), specific growth rate (SGR), and thermal growth
coefficient (TGC) were calculated as follows, based on indi-
vidual recordings of weights and lengths:

HSI = 100 × liver weight × Wf
−1 [1]

SGR = {exp [(ln Wf − ln Wi)/days] − 1} × 100 [2]

TGC = (Wf
1/3 – Wi

1/3) × 1000/(d × °C) [3]

where Wi is the initial weight and Wf is the final weight, and

recovery = total nmol of 14C whole incubation [4]

where the radioactivity recovered in the whole incubation was
the radioactivity recovered in hepatocytes lipid + the radioac-
tivity recovered in the culture media. 

Statistical analysis. All data were subjected to two-way
ANOVA for the factors “FA” and “diet,” and differences were
ranked by Duncan’s multiple range test. The significance level
was set at 5%. Data that were identified as nonhomogeneous
by Bartlett’s test were subjected to arcsine transformation be-
fore analysis.
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RESULTS

Growth, feed intake. and nutrient digestibilities. The fish in
both dietary groups grew from an initial weight of approxi-
mately 85 g to a final weight of approximately 280 g, a three-
fold increase. The two groups had the same SGR, 1.8 (Table
2). The feed efficiency ratio (FER) was significantly higher for
the fish fed the RO diet (FER = 1.41) than it was for the fish
fed the FO diet (FER = 1.23) (Table 2). The total digestibility
of FA in both dietary groups was high, approximately 97%.
There were no significant differences in nutrient digestibility
between the two groups in this trial (Table 2).

Body composition and liver lipid content. Dietary RO did
not affect the gross chemical composition of the carcass (Table
2). The total liver lipid content in fish fed the RO and the FO
diet was approximately 5%, and there was no statistical differ-
ence between the two groups.

FA compositions of diets and hepatocytes. The FA composi-
tions of the diets clearly reflected that of added oils (Table 3).
The levels of the n-3 FA, however, were higher in the diets than
in the added oils, since the feed contained significant amounts
of fish meal. The FO diet was characterized by relatively high
levels of the long-chain n-3 FA 20:5n-3 and 22:6n-3, and low

levels of FA with 18-carbon chains. The RO diet, on the other
hand, contained approximately 40% 18:1n-9.

Table 3 also shows the endogenous FA composition of the
total lipid fraction of hepatocytes. The percentages of 18:1n-9
were 22 and 12 for fish fed the RO and FO diet, respectively.
The percentage of 18:2n-6 in the total lipids from hepatocytes
was almost five times greater in fish fed the RO diet than in fish
fed the FO diet. RO hepatocytes also had significantly higher
percentages of the desaturation product of 18:2n-6, 18:3n-6,
than FO hepatocytes. The percentage of 20:4n-6 was, however,
approximately the same for the FO hepatocytes as it was for
the RO hepatocytes. The percentage of the longer-chain n-3
PUFA, 20:5n-3 and 22:6n-3, in the total lipid fraction of hepa-
tocytes was 41% in the FO group, whereas it was 31% in the
RO group. The percentage of saturated FA was approximately
22% in the FO hepatocytes and 18% in the RO hepatocytes.

Figure 1 shows the relative distribution of 18:1n-9, 18:2n-6,
20:5n-3, and 22:6n-3 within the lipid classes TAG, PL, and
FFA. The percentage of 18:1n-9 found as FFA in RO hepato-
cytes was significantly higher (about 40% of the total endoge-
nous FFA pool) than in FO hepatocytes (about 12%). RO he-
patocytes also had a higher percentage of 18:2n-6 in the PL and
FFA fractions than FO hepatocytes. The 22:6n-3 was primarily

712 C. MOYA-FALCÓN ET AL.

Lipids, Vol. 40, no. 7 (2005)

TABLE 2
Effect of Dietary Supplementation of RO on Growth, Nutrient Digestibility,
and Chemical Composition in the Carcass in Atlantic Salmon

Dietsa

FO RO

Growtha

Initial weight, g 85 ± 2 85 ± 1
Final weight, g 278 ± 7 285 ± 3
Hepatosomatic index 1.1 ± 0.01 1.0 ± 0.03
Thermal growth coefficient 2.6 ± 0.44 2.7 ± 0.01
Specific growth rate 1.8 ± 0.02 1.8 ± 0.01
Relative feed intake body weight × d−1) 1.45 ± 0.04a 1.29 ± 0.04b

Total feed efficiency ratio 
(weight gain/dry feed intake) 1.23 ± 0.05b 1.41 ± 0.04a

Mortality (n) 0.7 ± 0.32 0.7 ± 0.004

Nutrient digestibilitya

Protein 87.7 ± 0.15 88.6 ± 0.05
Energy 89.5 ± 0.08 90.4 ± 0.13
Fat 97.3 ± 0.58 97.5 ± 0.20
ΣSaturated FA 93.2 ± 1.54 93.4 ± 0.63
ΣMonounsaturated FA 97.6 ± 0.49 97.5 ± 0.08
ΣPUFA 98.3 ± 0.37 96.6 ± 0.17

Chemical composition of the carcassb Start
Crude lipid (%) 8.3 10.6 ± 0.01 10.9 ± 0.29
Crude protein (%) 16.8 18.1 ± 0.06 18.2 ± 0.24
Dry matter (%) 27.6 31.1 ± 0.12 31.4 ± 0.24
Ash (%) 2.3 2.0 ± 0.05 1.9 ± 0.05
Energy (MJ/kg) 7.1 8.5 ± 0.03 8.5 ± 0.07

Liver lipid content (%) — 4.9  ± 0.27 5.2 ± 0.18
aValues are means ± SEM (n = 3). a,bDifferences between mean values within a given row are signifi-
cant (P ≤ 0.05), as indicated by different superscript letters.
bValues are g/100 g wet tissue Atlantic salmon sampled at the beginning (start) and at the end (means
± SEM. n = 3) of the experiment were analyzed for dry matter, fat, protein, ash, and energy content.
For abbreviations see Table 1.



esterified into PL and there were only minor differences in the
percentage of this FA in the PL between the two dietary groups.
The percentage of 22:6n-3 was, however, about fivefold higher
in the FFA fraction of the FO hepatocytes than in RO hepato-
cytes.

Recovery of [1-14C]FA in lipid classes, extracellular lipids,
and oxidation products. Hepatocytes were incubated for 24 h
with 7 µM [1-14C]18:1n-9, [1-14C]20:3n-6, or [1-14C]20:4n-3
to study FA uptake, oxidation, and esterification. Table 4 shows
the amounts of radioactivity that were incorporated into each
fraction during the 24-h incubation as percentages of the total
radioactivity recovered from the whole incubation. No signifi-
cant differences were observed between the FO and RO hepa-
tocytes. In both groups, significantly more radioactivity from
the [1-14C]20:3n-6 and [1-14C]20:4n-3 substrates (approxi-
mately 70%) was present in hepatocytes than from the [1-
14C]18:1n-9 substrate (50–55%). Radiolabeled 18:1n-9 was
mainly esterified in the TAG fraction of hepatocytes, where it
constituted approximately 30% of the total radioactivity,
whereas approximately 15% was esterified in the PL. In con-
trast, the radiolabeled n-3 and n-6 FA were esterified to a
greater extent in the PL fraction, where they constituted
52–56% of the total radioactivity. Esterified n-3 and n-6 FA
constituted 6–10% in the TAG and 2–4% in the pooled MAG
and DAG (MDG) fraction. Between 4 and 6% of the total ra-
dioactivity from the three radioactive substrates was not esteri-
fied but recovered as FFA. Table 5 shows also the recovery of

radiolabeled lipids in the culture media. Significantly higher
percentages of radiolabeled lipids were recovered from the cul-
ture media for cells incubated with [1-14C]18:1n-9 than for
cells incubated with [1-14C]20:3n-6 and [1-14C]20:4n-3, which
was primarily in the form of FFA (23–25%). More of the sub-
strates [1-14C]18:1n-9 and [1-14C]20:3n-6 was oxidized (ap-
proximately 13%) than of the [1-14C]20:4n-3 substrate (10%).

Figure 2 shows the oxidation of [1-14C]18:1n-9 to ASP and
CO2 when the hepatocytes were incubated with either 7 or 100
µM [1-14C]18:1n-9 substrate for 24 h. The higher exogenous
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TABLE 3
FA Compositions of the Diets and of the Total Lipid Fractions of Hepatocytesa

FA Diet Hepatocytes 

(% of total) FO RO FO RO

14:0 6.7 1.7 2.0 ± 0.19a 0.9 ± 0.02b

16:0 11.8 8.0 15.6 ± 0.27a 12.8 ± 0.23b

18:0 1.4 1.9 3.8 ± 0.37 4.4 ± 0.26
22:0 0.2 0.2 0.1 ± 0.07 0.2 ± 0.03
ΣSaturatedb 20.7 12.4 21.9 ± 0.11a 18.3 ± 0.44b

16:1n-7 7.1 2.0 2.4 ± 0.18 1.2 ± 0.02
18:1n-7 3.1 3.5 2.7 ± 0.04 2.5 ± 0.10
18:1n-9 11.5 40.4 12.0 ± 0.14b 22.0 ± 1.06a

20:1n-9 0.5 0.2 0.3 ± 0.008 0.10 ± 0.05
20:1n-11 17.9 4.9 4.8 ± 0.13a 3.4 ± 0.16b

22:1n-9 1.9 0.7 0.9 ± 0.03 0.5 ± 0.04
ΣMonounsaturatedc 56.9 55.9 24.8 ± 0.23b 30.5 ± 1.52a

18:2n-6 2.7 15.1 1.4 ± 0.09b 6.9 ± 0.16a

18:3n-6 0.1 0.0 0.2 ± 0.09b 2.1 ± 0.06a

18:3n-3 0.7 7.1 0.1 ± 0.06b 1.3 ± 0.05a

20:5n-3 5.9 2.9 9.2 ± 0.34a 5.5 ± 0.51b

20:3n-6 ND ND 0.4 ± 0.02b 1.7 ± 0.09a

20:4n-6 0.3 0.2 2.4 ± 0.23 2.3 ± 0.03
22:5n-3 0.5 0.2 5.6 ± 0.18 1.4 ± 0.19
22:6n-3 6.4 3.8 31.7 ± 0.05a 25.2 ± 0.31b

ΣPolyunsaturatedd 19.8 30.4 49.9 ± 0.32 48.3 ± 0.74
EPA + DHA 12.5 6.7 40.9 ± 0.36a 30.7 ± 0.82b

aThe quantity of each FA is given as percentage (mean ± SEM) of the total FA. Values within the same row with different su-
perscripts are significantly different. P ≤ 0.05. n = 3; ND = not detected; for other abbreviations see Table 1.
bIncludes 12:0; 15:0; 17:0; 20:0.
cIncludes 16:1n-9; 18:1n-6; 22:1n-11.
dIncludes 16:3n-4; 20:4n-3; 20:2n-6; 20:3n-3.

FIG. 1. Relative distribution of some FA in the different lipid classes of
hepatocytes. Diets: FO (100% fish oil diet); RO (100% rapeseed oil
diet).Values are means ± SEM (n = 3).
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TABLE 4 
Proportional Distribution of Radioactivity in Lipids of Hepatocytes and Culture Media and Oxidation Productsa

FO RO

[1-14C]18:1n-9 [1-14C]20:3n-6 [1-14C]20:4n-3 [1-14C]18:1n-9 [1-14C]20:3n-6 [1-14C]20:4n-3 

Recoveryb (nmol) 24.7 ± 1.68 33.6 ± 2.49 28.2 ± 7.18 26.1 ± 0.85 32.4 ± 3.43 25.4 ± 0.72

Hepatocyte lipids (%)

PL 15.0 ± 3.47b 53.0 ± 3.47a 54.7 ± 4.34a 15.4 ± 1.96b 52.6 ± 3.50a 52.4 ± 4.71a

MDG 3.9 ± 0.43a 2.2 ± 0.62b 2.3 ± 0.89a,b 3.5 ± 0.47a 1.5 ± 0.74b 3.2 ± 0.29a,b

FFA 3.8 ± 0.59 5.6 ± 1.65 5.2 ± 2.15 3.6 ± 0.45 3.8 ± 0.58 4.1 ± 1.73
TAG 27.7 ± 3.85a 8.4 ± 1.31b 6.4 ± 3.22b 32.2 ± 4.53a 8.0 ± 2.18b 10.4 ± 0.51b

Total 50.4 ± 4.57b 69.2 ± 0.002a 68.6 ± 4.97a 54.7 ± 7.01b 65.9 ± 0.01a 70.1 ± 4.91a

Culture media (%)

PL 1.6 ± 0.37b 1.9 ± 0.32b 3.5 ± 0.90a 1.5 ± 0.32b 2.2 ± 0.24a,b 2.7 ± 0.95a

MDG 0.7 ± 0.12 0.4 ± 0.08 0.7 ± 0.22 0.6 ± 0.16 0.6 ± 0.07 0.5 ± 0.19
FFA 23.3 ± 1.57a 11.1 ± 1.59b 12.8 ± 3.66b 24.8 ± 2.71a 15.2 ± 0.95b 13.5 ± 0.79b

TAG * 8.2 ± 2.48a 1.6 ± 0.45b 4.7 ± 1.74a,b 6.2 ± 2.70a 1.7 ± 0.79b 2.4 ± 1.42b

Total 33.9 ± 4.49a 15.5 ± 1.10c 21.8 ± 3.12b 33.2 ± 4.9a 20.1 ± 0.50b 19.1 ± 3.22b

Oxidation products (%)

(CO2 + ASP) 15.8 ± 3.02a 15.3 ± 1.09a 10.1 ± 2.34b 12.1 ± 2.12a 14.0 ± 0.5a 9.4 ± 1.82b

aHepatocytes from fish fed the FO and RO diets were incubated with 7 µM [1-14C] FA. Data are means ± SEM (n = 3). a,b Differences between mean values
within a given row are significant (P ≤ 0.05) except for (*) where P ≤ 0.01. Data that were identified as nonhomogeneous by Bartlett’s test were subjected to
arcsine transformation before analysis.
bRecovery = total nmol of radioactivity recovered in the whole incubation calculated as the sum of radioactivity recovered in (PL + MDG + FFA +
TAG)hepatocytes lipids + (PL + MDG + FFA + TAG)culture media + oxidation products after 24 h incubation. PL, phospholipids; MDG, MAG + DAG; ASP, acid-sol-
uble products; for other abbreviations see Table 1.

TABLE 5 
Percentage Distributions of Radioactivity from [1-14C]18:1n-9, [1-14C]20:3n-6, and
[1-14C]20:4n-3 into Their Desaturation and Elongation Products in Total Lipid Fraction
of Hepatocytesa

FO RO

[1-14C]18:1n-9
Recovery (nmol) 12.5 ± 1.65 14.2 ± 1.65
18:1n-9 91.5 ± 0.78b 86.6 ± 0.47a

20:1n-9 8.5 ± 0.78a 13.4 ± 0.47b

[1-14C]20:3n-6
Recovery (nmol) 23.2 ± 1.73 21.4 ± 2.26
20:3n-6 71.9 ± 3.87 64.6 ± 3.71
20:4n-6 17.0 ± 2.51 20.4 ± 3.41
22:4n-6 2.1 ± 0.33 2.7 ± 0.05
22:5n-6* 2.0 ± 0.25b 3.1 ± 0.64a

24:5n-6 4.5 ± 0.52 3.9 ± 0.34
DI 20:3 n-6 (%) 30 ± 4.0 40 ± 5.0

[1-14C]20:4n-3
Recovery (nmol) 20.1 ± 6.67 17.9 ± 1.76
20:4n-3 48.5 ± 4.53 43.7 ± 3.95
20:5n-3** 22.9 ± 2.79a 17.1 ± 0.53b

22:5n-3 10.3 ± 0.43 9.0 ± 0.97
22:6n-3 12.5 ± 3.80b 23.5 ± 5.29a

24:5n-3 2.5 ± 0.46 3.4 ± 0.42
24:6n-3 0.6 ± 0.19 1.0 ± 0.18
DI20:4n-3 (%) 50 ± 5.0 60 ± 4.0

aHepatocytes from fish fed the FO and RO diets were incubated with 7 µM [1-14C] FA. DI = desatura-
tion index; DI20:3n-6 was calculated as: (20:4 + 22:4 + 22:5 + 24:5n-6/20:3 +20:4 +22:4 + 22:5 + 24:5)
× 100 and DI20:4n-3 as: (20:5 + 22:5 + 22:6 + 24:5 + 24:6/20:4 +20:5 + 22:5 + 22:6 + 24:5 + 24:6) ×
100. Data are means ± SEM (n = 3). a,bDifferences between mean values within a given row are signif-
icant (P ≤ 0.05) except for (*) and (**) where P ≤ 0.01. Data that were identified as nonhomogeneous by
Bartlett’s test were subjected to arcsine transformation before analysis. Recovery = nmol of [1-14C]FA
recovered in lipid total fractions of hepatocytes after 24 h incubation. The total recoveries of radioactiv-
ity of the incubations are shown in Table 4. For other abbreviations see Table 1.



concentration of 18:1n-9 led to a twofold increase in the
amount of oxidation products formed compared with the lower
concentration. There were no significant differences in the
amount of oxidation products formed between the two dietary
groups. 

Desaturation and elongation of [1-14C]18:1n-9, [1-
14C]20:3n-6, and [1-14C]20:4n-3. Table 5 shows the desatura-
tion and chain-elongation of [1-14C]FA in the total lipids of he-
patocytes. The main radiolabeled FA recovered from [1-
14C]18:1n-9 were the unchanged substrate 18:1n-9 and its
elongated product 20:1n-9. The production of 20:1n-9 was sig-
nificantly higher in RO hepatocytes (13%) than in FO hepato-
cytes (9%). The main metabolites from [1-14C]20:3n-6 were
the unchanged substrate and 20:4n-6. The only significant dif-
ference in results between the groups was in the final product,
22:5n-6, which was higher for the RO hepatocytes than it was
for the FO hepatocytes. The main metabolites in the lipid frac-
tion from [1- 14C]20:4n-3 were the unchanged substrate, 20:5n-
3, and 22:6n-3. Further, the percentage of the ∆5 desaturase
product, 20:5n-3, was significantly lower for the RO hepato-
cytes than it was for the FO hepatocytes. Interestingly, the pro-
duction of the final elongation product, 22:6n-3, was higher for
the RO hepatocytes than it was for the FO hepatocytes.

DISCUSSION

This work shows that RO is an effective substitute for FO in
Atlantic salmon diets, giving similar growth rates and having
no apparent ill effects on fish health, which is also in agreement
with what we have previously shown (2), and which has also
been confirmed by more recent studies (7). The endogenous FA
composition of hepatocyte lipids was, as expected, influenced
by the dietary oils. The RO diet considerably increased the per-

centages of 18:1n-9, 18:2n-6, 18:3n-3, and 20:3n-6 in hepato-
cyte lipids. These results agree with those of Bell et al. (7), who
found that the level of 18:1n-9 in the Atlantic salmon liver was
well correlated to the dietary level of RO. Further, Ruyter et al.
(8) found higher levels of total n-6 FA in salmon hepatocytes
fed diets supplemented with soybean oil. In our results, these
increases were accompanied by decreases in the percentages of
20:5n-3, 22:6n-3, and saturated FA in the total lipids of hepato-
cytes. The FA 18:3n-6 and 20:3n-6 were detected in RO hepa-
tocytes, although they were not present in the RO diet. Both the
appearance of these FA in the hepatocyte lipids and the reduced
percentage of hepatocyte 18:2n-6 relative to the diet suggest a
substantial desaturation and elongation of 18:2n-6 in the RO
hepatocytes. The percentage of 20:4n-6 was, however, not
higher in RO hepatocytes than in FO hepatocytes. Similarly, a
reduced percentage of 18:3n-3 and increased percentages of
20:5n-3, 22:5n-3, and 22:6n-3 in RO hepatocytes relative to the
RO diet may suggest an active desaturation and elongation of
18:3n-3, although not enough to keep the levels of these im-
portant FA as high as observed for the FO hepatocytes. This re-
duction in the very long n-3 FA with vegetable oil feeding has
been repeatedly observed, in total salmon lipids as well as in
PL and TAG fractions of muscle and organs such as liver and
heart (2–4,7–10).

We found that higher percentages of radioactive n-3 and n-6
PUFA (20:3n-6 and 20:4n-3) were incorporated into hepato-
cyte lipids than the monounsaturated 18:1n-9, indicating that
the longer n-3 and n-6 PUFA are more rapidly taken up by the
cell than 18:1n-9 during 24 h of incubation. It has recently been
reported (30) that salmon muscle cells have a higher capacity
for incorporating n-3 FA than they have for n-9 FA. Further,
we recovered more than twice as much radioactivity from the
[1-14C]18:1n-9 substrate as extracellular FFA and also as se-
creted radiolabeled TAG in the culture media than we recov-
ered from any of the n-3 and n-6 substrates. The extracellular
radiolabeled FFA are probably unmetabolized FA substrates,
since FA that are taken up by the cells and then further secreted
to the medium are primarily in an esterified form (31).

The distribution of radioactivity among different lipid
classes differed for the different [1-14C]FA substrates added to
the hepatocytes but was not affected by dietary oil. For both di-
etary groups, radiolabeled 18:1n-9 was preferentially incorpo-
rated into TAG, whereas the longer-chain n-3 and n-6 PUFA
were preferentially incorporated into cellular PL. In vivo ex-
periments have previously shown that dietary 18:1n-9 is pref-
erentially incorporated into TAG in Atlantic salmon (32), and
in vitro experiments with [1-14C]18:1n-9 in mammals (33)
have shown the same. In contrast, longer-chain n-3 and n-6
PUFA are primarily incorporated into PL (32,34). This is prob-
ably due to specificity of the esterification enzymes involved in
the formation of PL and TAG (35).

The rate of elongation of 18:1n-9 is reflected in the ratio
of 20:1/18:1. This ratio was significantly higher in RO hepa-
tocytes than it was in hepatocytes from fish fed the FO diet.
The mechanism behind the increased elongation of 18:1n-9
to 20:1n-9 in the hepatocytes from RO-fed fish is not clear.
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FIG. 2. The effects of different exogenous levels (7 and 100 µM) of [1-
14C]18:1n-9 on the capacity of hepatocytes to oxidize [1-14C]18:1n-9.
The values are given as means of pmol [1-14C]18:1n-9 oxidized per mg
protein per day.



Substrate induction due to the high level of 18:1n-9 in the
FFA fraction of RO hepatocytes is possible. An elongase of
broad substrate specificity is described in the liver of salmon,
and its expression may be induced by vegetable oil feeding
(36). To what extent this elongase is responsible for the elon-
gation of 18:1n-9 is, however, at present not clarified.

The reason why 18:1n-9 was elongated mainly to 20:1
(dead-end elongated product) rather than desaturated and elon-
gated through the n-9 pathway is explained by competition be-
tween 18:1n-9, 18:2n-6, and 18:3n-3 for the ∆6 desaturase (37).
The presence of C18 FA of the n-3 and n-6 families prevents
formation and accumulation of more unsaturated n-9 FA. Thus,
18:1n-9 is further desaturated and elongated to 20:3n-9 only in
the absence of both EFA 18:2n-6 and 18:3n-3 (11,38).

The production of the end-product [1-14C]22:5n-6 from
20:3n-6 was significantly higher in RO than it was in FO hepa-
tocytes. Similarly, in the n-3 series, [1-14C]22:6n-3 also was
produced from 20:4n-3 to a greater extent in RO hepatocytes,
strongly suggesting that the ∆5 desaturase activity was higher
in these cells. To our knowledge the present study is the first
one to use the immediate substrates for the ∆5 desaturase, and
our results agree with studies where C18 FA was used
(7,10,13,39), showing that the hepatic FA desaturation and
elongation activities were increased with dietary inclusion of
vegetable oils. The mechanism(s) behind the increased ∆5 de-
saturase activity are still being debated. In a recent study (36),
dietary linseed oil led to increased mRNA expression of a ∆5

desaturase in salmon liver. However, in the same study, the ap-
parent ∆5 desaturase activity, calculated from results after incu-
bation of hepatocytes with radiolabeled 18:3n-3, showed no
clear relationship to the level of dietary linseed oil. Feedback
inhibition of both ∆5 and ∆6 desaturase activities by high levels
of 22:6n-3 also has been suggested. This may explain the lower
22:6n-3 production in FO hepatocytes, which contained a rela-
tively higher percentage of 22:6n-3 in the FFA fractions than
comparable RO hepatocytes.

Hepatocytes incubated with 100 µM 18:1n-9 had twice as
high a capacity to β-oxidize radiolabeled 18:1n-9 than hepato-
cytes incubated with 7 µM 18:1n-9. However, the higher en-
dogenous percentage of 18:1n-9 in RO hepatocytes (22%) than
in FO hepatocytes (12) did not significantly affect the β-oxida-
tion of 18:1n-9. Addition of radiolabeled FA into pools of po-
tentially different FA compositions, as in the present study, may
lead to some interpretation problems. The significantly higher
percentage of unlabeled 18:1n-9 observed in the FFA fraction
of the RO hepatocytes may thus be expected to lead to a higher
dilution of the radiolabeled substrate, resulting in an underesti-
mation of the oxidation capacity. If we assume that the endoge-
nous pool of nonlabeled 18:1n-9 FFA would oxidize to the
same extent as the exogenously added radiolabeled 18:1n-9,
then the actual amount of 18:1n-9 oxidized would be higher in
the RO group than in the FO group. Another unlabeled FFA
that differs in endogeneous concentration between the two di-
etary groups and might also influence the oxidation capacity is
22:6n-3. It is known that 22:6n-3 may induce peroxisomal FA
oxidation (40).

In conclusion, supplementing the diet of Atlantic salmon with
RO changes the endogenous FA composition of hepatocytes and
leads to higher endogenous percentages of 18:1n-9, 18:2n-6,
18:3n-3, and 20:3n-6. Our results strongly suggest an increased
elongase and ∆5 desaturase activity, since higher percentages of
20:1n-9, 22:5n-6, and 22:6n-3 were formed from their radiola-
beled precursors. The increased capacity of RO hepatocytes to
produce 22:6n-3 was, however, not enough to keep the level of
this important FA as high as observed in the FO hepatocytes.
Further, lipid deposition in the carcass and liver did not differ be-
tween the two dietary groups. Increased addition of [1-
14C]18:1n-9 to the hepatocyte culture media, however, resulted
in an increase in the amount of 18:1n-9 that was oxidized.
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ABSTRACT: Synthesis of docosahexaenoic acid (DHA) from
its metabolic precursors contributes to membrane incorporation
of this FA within the central nervous system. Although cultured
neural cells are able to produce DHA, the membrane DHA con-
tents resulting from metabolic conversion do not match the high
values of those resulting from supplementation with preformed
DHA. We have examined whether the DHA precursors down-
regulate the incorporation of newly formed DHA within human
neuroblastoma cells. SH-SY5Y cells were incubated with grad-
ual doses of α-linolenic acid (α-LNA), EPA, or docosapen-
taenoic acid (DPA), and the incorporation of DHA into
ethanolamine glycerophospholipids was analyzed as a reflec-
tion of synthesizing activity. The incorporation of EPA, DPA,
and preformed DHA followed a dose–response saturating curve,
whereas that of DHA synthesized either from α-LNA, EPA, or
DPA peaked at concentrations of precursors below 15–30 µM
and sharply decreased with higher doses. The mRNA encoding
for six FA metabolism genes were quantified using real-time
PCR. Two enzymes of the peroxisomal β-oxidation, L-bifunc-
tional protein and peroxisomal acyl-CoA oxidase, were ex-
pressed at lower levels than fatty acyl-CoA ligase 3 (FACL3) and
∆6-desaturase (∆6-D). The ∆6-D mRNA slightly increased be-
tween 16 and 48 h of culture, and this effect was abolished in
the presence of 70 µM EPA. In contrast, the EPA treatment re-
sulted in a time-dependent increase of FACL3 mRNA. The ter-
minal step of DHA synthesis seems to form a “metabolic bottle-
neck,” resulting in accretion of EPA and DPA when the precur-
sor concentration exceeds a specific threshold value. We
conclude that the critical precursor- concentration window of
responsiveness may originate from the low basal expression
level of peroxisomal enzymes.

Paper no. L9735 in Lipids 40, 719–728 (June 2005).

The incorporation of docosahexaenoic acid (DHA, 22:6n-3) in
the nerve membranes during perinatal development is essential
to the development of cerebral and retinal functions (reviewed
in Refs. 1 and 2). DHA may be taken up through blood vessels
by the brain (3) and retina (4), or synthesized by the brain and
retinal cells from its dietary precursors, mainly α-linolenic acid
(α-LNA, 18:3n-3) and eicosapentaenoic acid (EPA, 20:5n-3).
The conversion of α-LNA, the essential precursor, into EPA,
docosapentaenoic acid (DPA, 22:5n-3), and tetracosahexaenoic
acid (THA, 24:6n-3) occurs in the endoplasmic reticulum (ER)
through successive desaturations and elongations. THA is then
transferred to the peroxisomes, where it is β-oxidized to give
DHA (5,6). The essentiality of this peroxisomal step has been
demonstrated in studies on human fibroblasts, in which gene
mutations of peroxisomal acyl-CoA oxidase (AOX) or of D-
bifunctional protein (DBP) were associated with the loss of
DHA synthesis capacity (7,8). 

Increasing the α-LNA intakes in humans has been consid-
ered as a possible way of increasing DHA synthesis. However,
α-LNA dietary intakes do not appear to support DHA levels in
the neonate brain as high as those in preformed DHA intake
(9–11). Actually, studies in newborn infants fed milk replacers
(12–14) and clinical studies in adults (15,16) have shown that
the α-LNA nutritional strategy mainly induces the DHA up-
stream precursors, EPA and DPA, to increase in the blood
lipids, not DHA. Clinical studies using stable isotope tracers in
adults have demonstrated that the conversion of plasma α-LNA
to DHA accounts for much less than 1% (16–20). This could
result from the preferential β-oxidation of α-LNA, reducing its
entry into the pathway of long-chain synthesis (21–25). It is
also proposed that a feedback control mechanism responsive to
the plasma concentration of DHA regulates its own synthesis,
thereby maintaining DHA homeostasis during dietary changes
in n-3 FA (19). 

The mechanisms responsible for the low conversion rate at
the cellular and molecular levels remain hypothetical. The per-
oxisomal pathway could be the limiting step, as it requires
complex movements of very long chain derivatives between
the ER and the peroxisomes (26). On the other hand, α-LNA
itself may down-regulate its conversion (23), possibly by com-
peting with 24:5n-3 for ∆6-desaturation. In vitro studies have
shown that rat astrocytes (27–30), retinal cells in primary cul-
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ture (31), and established cell lines from human retinoblastoma
(32–34) all have the enzyme activities needed for DHA syn-
thesis. Nevertheless, it has never been shown that the incorpo-
ration of precursor-derived DHA into phospholipids can reach
levels as high as those resulting from the incubation of cells
with equivalent concentrations of preformed DHA. In previous
works, we demonstrated that the phospholipid incorporation of
preformed DHA in the cells from human neuroblastoma and
retinoblastoma lines can reach the high physiological plateau
value that is characteristic of the retina and brain (35), whereas
the major FA to increase in phospholipids upon incubation with
the DHA upstream precursors are EPA and DPA, not DHA
(36,37). A possible hypothesis explaining why the incorpora-
tion of the newly formed DHA into phospholipids is strongly
limited in spite of its actual synthesis may be that the gene ex-
pression of some enzymes of the ER and/or peroxisomal path-
ways is readily down-regulated. We previously found that the
mRNA expression of AOX in Y79 retinoblastoma cells was
depressed as the α-LNA dose in the medium increased (37),
raising the question of whether this effect was induced by α-
LNA itself or by one of its downstream products. In the pres-
ent study, we have considered the hypothesis that transcription
of genes involved in DHA synthesis could be modulated in the
neuroblastoma cells by EPA, the main long-chain product of
α-LNA. We have quantified, in human neuroblastoma cells
(SH-SY5Y), the mRNA levels of genes encoding for several
key enzymes of both the ER and peroxisomal steps of FA me-
tabolism, i.e., the FA-CoA ligase 3 (FACL3), ∆6-desaturase
(∆6-D), brain FA elongase-4 (ELOVL4), and peroxisomal en-
zymes of β-oxidation, AOX, DBP, and L-bifunctional protein
(LBP). Concurrently, we analyzed, as reflecting n-3 metabo-
lism, the incorporation into cell phospholipids of EPA itself and
of the newly formed DPA and DHA. We then examined
whether the mRNA profile responded to a dose of EPA found
to be inhibiting toward DHA incorporation.

MATERIALS AND METHODS

Cell culture. Human SH-SY5Y neuroblastoma cells, obtained
from the European Collection of Animal Cell Culture (Porton
Down, Salisbury, United Kingdom), were cultured as a suspen-
sion in DMEM supplemented with 10% heat-inactivated FBS,
50 IU/mL penicillin, 50 µg/mL streptomycin, and 2 mM gluta-
mine (Gibco BRL, Cergy-Pontoise, France). The cells were
grown in Falcon 75-cm2 tissue culture flasks in an incubator
maintained at 37°C with 5% CO2 in humidified air as the gas
phase. In all experiments, the cells were seeded at a density of
5 × 106 cells/flask and left to adhere to the plastic flask for 24 h
before being incubated with FA. The DNA contents were mea-
sured using the bisbenzimide fluorescence assay (38) on cells
cultured for 16 or 48 h (postadhesion) with 70 µM EPA.

FA analysis. Cells were transferred to media supplemented
with gradual concentrations (7 to 70 µM) of α-LNA, EPA,
DPA, or DHA that did not exceed their maximum capacity of
phospholipid incorporation, for the reason that these concen-
trations should be considered as bordering on physiological

values (35). FA sodium salts (Nu-Chek-Prep, Elysian, MN)
were directly dissolved in the 10% FCS medium to give a con-
centration of 7, 15, 30, or 70 µM. After 16, 48, or 72 h (postad-
hesion) of incubation, the cells were trypsinized and harvested
by centrifugation, washed with PBS containing 50 µM FA-free
albumin (Sigma-Aldrich Chimie, Saint Quentin Fallavier,
France) to remove any FA adsorbed onto the cell surface. The
total lipids were extracted from 1 vol of cell homogenate with
4 vol of chloroform/methanol (2:1, vol/vol) in the presence of
0.005% (by wt) BHT. The lipid bottom phase was washed,
dried, solubilized in chloroform, and stored at −80°C until sep-
aration of the ethanolamine-glycerophospholipids including
plasmenylethanol-amines (total EtnGpl). The EtnGpl fraction
was purified by solid-phase extraction on a 500-mg prepacked
aminopropyl cartridge (J.T.Baker, Deventer, The Netherlands)
(36). The cartridges were equilibrated beforehand with eluent
1 (isopropanol/chloroform, 1:2, vol/vol). Each sample of total
lipids was dried under nitrogen, resolubilized in 250 µL of elu-
ent 1 and deposited onto a single cartridge, which was immedi-
ately eluted successively with 3 mL of eluent 1, 3 mL of di-
ethyl ether/acetic acid (98:2, vol/vol), 1 mL of acetonitrile, and
8 mL of acetonitrile/n-propanol (3:1, vol/vol) to recover the
choline glycerophospholipids (ChoGpl) fraction, and then with
2 mL of acetonitrile/n-propanol (1:1, vol/vol) and 3 mL of
methanol to recover the EtnGpl fraction consisting of a mix-
ture of phosphatidylethanolamine (PtdEtn) and 1-O-alkyl-1′-
enyl-2-acyl-sn-glycero-3-phosphoethanolamine (PlsEtn). The
phosphatidylserine (PtdSer) fraction was recovered by eluting
with isopropanol/methanolic HCl (4:1, vol/vol). All fractions
were dried under a nitrogen flux and transmethylated by
methanol at 90°C in the presence of BF3. The methyl esters
were extracted, washed, and injected through the on-column
injector of a 9000 gas chromatograph (Chrompack, Middel-
burg, The Netherlands) equipped with a retention gap and a
CP-WAX 52 CB bonded fused-silica capillary column of 0.25
mm i.d. and 60 m length (Varian, Les Ullis, France). The oven
temperature was programmed for 79–212°C at a heating rate
of 4°C/min. The instrument responses attributable to FAME
and to dimethylacetals (DMA, issuing from transmethylation
of the alkenyl-acyl phospholipids) were automatically inte-
grated, and their factor response and ECL were compared with
standard compounds. All compositions were expressed as a
percentage by weight of total FA. 

Quantification of mRNA expression by real-time reverse
transcription (RT)-PCR. RNA extraction and cDNA synthesis.
Total cellular RNA was prepared from cells cultured for 16 or
48 h with 70 µM of EPA by using an RNeasy Lipid Tissue Midi
Kit according to the manufacturer’s instructions (Qiagen S.A.,
Courtaboeuf, France). Total RNA concentrations were deter-
mined by absorbance measurements at 260 nm using a Biopho-
tometer (Eppendorf SARL, Le Pecq, France). Subsequently, 6
µg total RNA was reverse-transcribed using the High Capacity
cDNA Archive Kit (Applied Biosystems, Foster City, CA) ac-
cording to the manufacturer’s instructions.

Primers. Primers for the target were designed with the as-
sistance of Primer Express 2.0 (Applied Biosystems). Glycer-
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aldehyde-3-phosphate dehydrogenase (GAPDH) was used as a
housekeeping gene to normalize the mRNA abundance of each
target gene. We conducted BLASTN searches against Gen-
Bank to check the total gene specificity of the nucleotide se-
quences chosen for the primers (Tables 1, 2). The expression
of ∆6-D was evalutated using quantitative RT-PCR based on a
specific set of primers and probes (Assays-on-Demand, gene
expression products; Applied Biosystems). Quantitative values
for cDNA amplification were obtained (using Sequence Detec-
tor) from the threshold cycle number (Ct) at which the increase
in the signal associated with exponential growth of PCR prod-
ucts begins to be detected.

Real-time quantitative PCR amplification. PCR reactions
were performed using the ABI Prism 7000 Sequence Detection
Systems (Applied Biosystems). Each cDNA was amplified in a
25-µL volume containing 12.5 µL of 2× SYBR Green master
mix (Applied Biosystems) and 300-nM concentrations of gene-
specific primers (Table 1). Melting curves were used to deter-
mine the temperature at which only the amplicon, and not primer
dimers, accounted for the SYBR Green-bound fluorescence. For
∆6-D cDNA amplification, the 25-µL reaction volume contained
10 µL of 2× TaqMan Universal Master Mix (Applied Biosys-

tems) and 1 µL of 20× Assays-on-Demand (Hs00188654-m1
and Hs99999905-m1 for ∆6-D and GAPDH, respectively).
Thermal cycling conditions comprised an initial denaturation
step at 95°C for 10 min and 45 cycles at 95°C for 15 s and 60°C
for 1 min. Amplification of cDNA was performed in triplicate
for each data point, with each condition (culture duration, incu-
bation with EPA) also being reproduced in triplicate.

Standard curves. To establish the calibration curves, a
cDNA fragment of each gene was amplified using conven-
tional PCR (Table 2). These fragments were purified using the
Qiaquick Gel Extraction and PCR Purification kits (Qiagen),
quantified spectrophotometrically, and sequenced (Genome
Express, Meylan, France). PCR amplification was performed
with template dilutions ranging from 101 to 106 copies. Over-
all efficiencies (E) of PCR were calculated from the slopes of
the standard curves according to the equation 

E = [10−1/slope] − 1 [1]

Normalization. All cDNA were amplified with an efficiency
above 98%, indicating that GAPDH and target genes were am-
plified with the same efficiency. Therefore, we used the ∆Ct
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TABLE 1
Real Time PCR Primer Characteristics for cDNA Amplification

Gene GenBank acc. no. Oligonucleotidea Sequence

AOX NM-004035 (human) Fwd primer (1384–1403) 5′-CAG GAA AGT TGG TGT GTG GC-3′
Rev primer (1533–1515) 5′-AAT CTG GCT GCA CGG AGT TT-3′

ELOVL4 AF277094 (human) Fwd primer (759–779) 5′-TGG CCC ATG GAT TCA GAA AT-3′
Rev primer (902–881) 5′-TTA GAG CCC AGT GCA TCC ATT-3′

FACL3 NM-004457 (human) Fwd primer (889–910) 5′-AGG GCA TCA TTG TGC ATA CCA-3′
Rev primer (990–969) 5′-TGC AAT ATC TGA GGG CAA TGG-3′

GAPDH X01677 (human) Fwd primer (246–265) 5′-TGA GAA CGG GAA GCT TGT CA-3′
Rev primer (366–347) 5′-GAA GAC GCC AGT GGA CTC CA-3′

DBP BC003098 (human) Fwd primer (544–565) 5′-TTGGCCAGGCCAATTATAGTG-3′
Rev primer (669–649) 5′-CATCCGTGATCCCGCATTAG-3′

LBP NM-001966 (human) Fwd primer (687–708) 5′-TGTCTTGCACAGGAGGCTTGT-3′
Rev primer (808–788) 5′-CTCTAGCCTGCCCTGATTGC-3′

aCoordinates according to GenBank. AOX, peroxisomal acyl-CoA oxidase; ELOVL4, brain FA elongase-4; FACL3, fatty
acyl-CoA ligase 3; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; DBP, D-bifunctional protein; LBP, L-bifunctional
protein.

TABLE 2
Conventional PCR Primer Characteristics for Establishing the cDNA-Amplification Standard Curves

Gene GenBank acc. no. Oligonucleotidea Sequence Amplicon size (bp) 

AOX NM-004035 (human) Fwd primer (1211–1231) 5’-CAC TGG CAT TGA AGC ATG TC-3’ 530
Rev primer (1740–1720) 5’-AAT ACA GCA GAC ATA AAC TC-3’

ELOVL4 AF277094 (human) Fwd primer (254–274) 5’-GTG TGG AAA ATT GGC CTC TG-3’ 743
Rev primer (996–977) 5’-CAT GGC TGT TTT TCC AGC TT-3’

FACL3 NM-004457 (human) Fwd primer (727–747) 5’-TCC AGC CAT TGT TCA TGC AT-3’ 413
Rev primer (1139–1057) 5’-CAT GGG CCA GAG GCA AAT A-3’

GAPDH X01677 (human) Fwd primer (244–263) 5’-GCT GAG AAC GGG AAG CTT G-3’ 358
Rev primer (602–582) 5’-ATG GCA TGG ACT GTG GTC AT-3’

DBP BC003098 (human) Fwd primer (353–375) 5’-GTGGTCAACAATGCTGGAATTC-3’ 401
Rev primer (753–732) 5’-CTCTCGTGACAAAGCCAAAGG-3’

LBP NM-001966 (human) Fwd primer (437–458) 5’-GGAGTTCCTGCTGCACTTGAC-3’ 405
Rev primer (841–820) 5’-TGCTTTCCTTTCAGCGAAGAA-3’

aCoordinates according to GenBank. For abbreviations see Table 1.



method to quantify the PCR products. Triplicate measurements
of Ct were performed in each sample (intra-assay variation),
and the average of three values was used to determine the ∆Ct
(CtGAPDH − Ctgene). In theory, when the PCR efficiency is equal
to 100%, a gap of 3.3 cycles of amplification between the tar-
get gene and the housekeeping gene corresponds to a 10-fold
difference in the respective amounts of amplicon. From the ∆Ct
value, the abundance of each mRNA was thus reported relative
to the GAPDH abundance according to the following equation: 

mRNA relative abundance = 100/[(∆Ct × 10)/3.3] = 33/∆Ct [2]
(expressed in percentage of GAPDH)

Statistical analysis. The data were analyzed using
StatView+ Graphics software (Abacus Concepts Inc., Berke-
ley, CA) by one-way ANOVA (time factor or treatment factor)
followed by the multiple-comparison Fisher test. The differ-
ences due to culture duration in mean values (± SD) for FA
within the EtnGpl fraction were compared after 16 and 72 h of
culture without n-3 supplementation (time factor) at three lev-
els of significance: P < 0.02, P < 0.01, or P < 0.001. Differ-
ences in the relative abundance of mRNA produced by a given
target gene after 16 or 48 h of incubation with EPA were com-
pared considering four treatments: 16 h/EPA 0 µM, 48 h/EPA
0 µM, 16 h/EPA 70 µM, and 48 h/EPA 70 µM. The differences
in mRNA abundances due to the EPA treatment were consid-
ered significant at P < 0.01 or P < 0.001. 

RESULTS

Effect of EPA on cell growth. Supraphysiological concentra-
tions (500 µM) of PUFA in the culture medium have genotoxic
effects on hepatocytes, especially in cells cultured without
serum or antioxidants (39). Although we used EPA only at
physiological concentrations, we checked to ensure that EPA
did not reduce the growth rate of SH-SY5Y cells. A 70-µM
quantity of EPA had no significant impact on cell growth, even
after 48 h in culture (Table 3).

FA composition of cell phospholipids in standard condi-
tions. The FA composition in EtnGpl from cells cultured for
16, 48, and 72 h in 10% FCS medium, and the ChoGpl and
PtdSer FA compositions at 72 h are reported in Table 4. The
data at 72 h show that the concentration of total n-3 FA was
higher in EtnGpl (9.1% of total FA) than in PtdSer (4.4%) and
ChoGpl (1.9%). Owing to this specific FA composition, we fo-
cused on the impact of the n-3 treatment within the EtnGpl
fraction. 

The time-dependent changes in the EtnGpl FA composition
mainly consisted of a 44% increase in n-3 FA (P < 0.01), which
compensated for a 55% decrease in n-6 FA (P < 0.001). In the
absence of supplemental n-3 FA, this change in the FA compo-
sition within growing neural cells may reflect the increasing
use of n-3 FA from the FCS lipids for membrane biogenesis.
Nevertheless, even after 72 h of culture, the n-6 content in the
three classes was two times higher than that of n-3 FA, finally
reflecting the relative proportions of n-6 and n-3 FA in the

medium (36). It is noteworthy that, at the same time, cells in-
creased their content of trienoic FA, 20:3n-9 and 22:3n-9 (P <
0.001), which is indicative of their metabolic ability to com-
pensate for their low content of very long chain PUFA. This
“spontaneous” synthesis of trienoic FA suggests that the desat-
urases are constitutively active in SH-SY5Y cells. Neverthe-
less, neuroblastoma cells cultured with 10% FCS must be con-
sidered as being specifically deficient in DHA, more particu-
larly if their high “avidity” for the preformed DHA is taken into
account (35). Actually, the basal DHA content in SH-SY5Y
cells (around 5% in EtnGpl) is equivalent to that found in the
cortex of rats chronically deprived of dietary n-3 FA (35).
However, it has been shown previously in cultured astrocytes
that preloading the cells with exogenous DHA reduces their
ability to produce new DHA from radiolabeled α-LNA (28).
Therefore, the state of spontaneous DHA deficiency within cul-
tured cells seems particularly appropriate for determining their
ability to synthesize DHA. 

Incorporation of preformed DHA. The dose–response study
was performed to determine whether SH-SY5Y cells have the
capacity to synthesize DHA from each of its upstream precur-
sors, α-LNA, EPA, or DPA, and especially whether the newly
formed DHA was actually incorporated into cell phospholipids.
The incorporation of the precursor-derived DHA was com-
pared with that resulting from the incubation of cells with in-
creasing amounts of preformed DHA. The changes of the main
n-3 and n-6 FA in EtnGpl, the fraction having the highest con-
tent of FA from both series, are presented in Figure 1. The max-
imum preformed DHA incorporated into the EtnGpl (around
32% of total FA) (Fig. 1A) reached the physiological plateau
of brain cells (35), indicating that the uptake, trafficking, and
acylation of supplemental DHA are not limiting in SH-SY5Y
cells. 

Biphasic pattern of neoformed DHA incorporation. Cells
incubated with increasing doses of α-LNA (Fig. 1B), EPA
(Fig. 1C), or DPA (Fig. 1D) showed an initial increase in
DHA incorporation, corresponding to the lower range of con-
centration of the precursors, and a second phase of decreased
incorporation at higher concentrations. The incorporation of
newly formed DHA peaked at 9–10% in the EtnGpl of cells
incubated with α-LNA (Fig. 1B) and at 8–9% in cells incu-
bated with EPA (Fig. 1C). Cells incubated with DPA showed
a maximum of 12% DHA incorporation in EtnGpl (Fig. 1D),
equal to only one-third of the maximum incorporation result-
ing from incubation with DHA itself (see Fig. 1A). In the
ChoGpl fraction, the newly formed DHA peaked at only 2.3%
of total FA (data not shown).
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TABLE 3
Effect of EPA (70 µM) on Cell Proliferation

EPA µM
0 70

16 h DNA (µg/flask) 2.96 ± 0.17 2.92 ± 0.05
Growth rate 1.4 ± 0.08 1.38 ± 0.03

48 h DNA (µg/flask) 5.11 ± 0.33 4.68 ± 0.32
Growth rate 2.42 ± 0.16 2.22 ± 0.15



The value of the precursor concentration that produced the
reversion of the neoformed DHA incorporation in EtnGpl, the
so-called concentration of reversion, was graphically calcu-
lated by using the double reciprocal plot method (35). As
shown in Figure 2, the coordinate of the intersection point of
the broken line (issuing from the biphasic pattern) is the in-
verse value of the concentration of reversion. This method led
to the values of each concentration of reversion, equal to 15
µM α-LNA, 26 µM EPA, and 30 µM DPA, respectively,
thereby indicating that α-LNA, with the lower concentration
of reversion, was the least efficient precursor regarding the in-
corporation of newly formed DHA into cell phospholipids.
Moreover, the concentration of reversion of α-LNA (15 µM)
is also the concentration at which this FA began to increase in
ChoGpl and EtnGpl (Fig. 3). The increase in α-LNA may be
the hallmark of a saturating effect on the capacity of cells to
metabolize this precursor, which is normally present in very
low amounts within the brain phospholipids. However, in cells
dosed with 70 µM of α-LNA, the increase of α-LNA in Et-

nGpl (plus 1% by weight of total FA) did not compensate for
the decreased incorporation of α-LNA-derived DHA (minus
7%). Actually, the supplemental α-LNA was more rapidly and
more efficiently incorporated into ChoGpl than into EtnGpl
(Fig. 3). Therefore, the increased incorporation of α-LNA into
EtnGpl cannot explain the biphasic pattern of DHA incorpora-
tion. Thus, SH-SY5Y cells can synthesize DHA from α-LNA,
EPA, or DPA and can incorporate the newly formed DHA into
phospholipids, but only imperfectly. In contrast, the incorpo-
ration of EPA resulting from incubations with α-LNA (Fig.
1B) or DPA (Fig. 1D), and the incorporation of DPA resulting
from α-LNA (Fig. 1B) or EPA (Fig. 1C) increased regularly
with the concentration of precursor in the medium. The de-
crease in DHA and the increase in EPA occurred concurrently.
However, the increase in EPA was very gradual, in contrast to
the biphasic incorporation of newly formed DHA. Moreover,
EPA incorporation clearly did not counteract the incorporation
of DPA. These data raised the question of whether the increase
in EPA was the secondary hallmark of a primary down-regula-
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TABLE 4
FA Composition in the EtnGpl, ChoGpl, and PtdSer Fractions of SH-SY5Y Cellsa

EtnGpl ChoGpl PtdSer

16 h 48 h 72 h 72 h 72 h
(n = 3) (n = 3) (n = 13) (n = 14) (n = 3)

14:0 0.6 ± 0.1 0.6 ± 0.1 0.6 ± 0.2 3.9 ± 0.4 1.1 ± 0.1
16:0 7.2 ± 0.3 8.5 ± 1.1 7.6 ± 0.4 30.3 ± 1.2 9.8 ± 0.1
18:0 16.6 ± 0.9 13.9 ± 0.5 15.6 ± 0.8 5.3 ± 0.6 26.7 ± 0.6
20:0 0.3 ± 0.03 < 0.1 0.2 ± 0.03 0.1 ± 0.05 0.5 ± 0.02
Total SFA 25.8 ± 1.0 23.9 ± 1.2 25.1 ± 0.6 39.5 ± 1.2 40.6 ± 0.6

16:1n-9 1.0 ± 0.3 1.0 ± 0.3 1.6 ± 0.3 8.8 ± 0.9 1.9 ± 0.1
16:1n-7 1.4 ± 0.01 2.2 ± 0.3 1.3 ± 0.3 3.7 ± 0.4 1.9 ± 0.2
18:1n-9 12.6 ± 0.3 13.9 ± 0.2 12.7 ± 0.3 25.9 ± 0.6 16.4 ± 0.5
18:1n-7 4.1 ± 0.1 3.6 ± 0.1 3.3 ± 0.3 9.4 ± 0.6 8.1 ± 0.1
20:1n-9 <0.1 <0.1 0.4 ± 0.06 0.5 ± 0.1 0.7 ± 0.01
Total MUFA 22.9 ± 0.4 24.6 ± 0.9 24.2 ± 0.7 48.5 ± 1.1 32.4 ± 0.7

20:3n-9 0.9 ± 0.07 1.2 ± 0.1 3.1 ± 0.2a 1.5 ± 0.2 6.0 ± 0.2
22:3n-9 1.3 ± 0.08 1.9 ± 0.03 5.3 ± 0.3a 0.9 ± 0.2 4.7 ± 0.1

18:2n-6 0.8 ± 0.01 0.9 ± 0.3 0.3 ± 0.03 0.4 ± 0.1 1.1 ± 0.2
20:3n-6 0.4 ± 0.1 0.4 ± 0.1 0.3 ± 0.1 0.5 ± 0.1 0.7 ± 0.03
20:4n-6 17.2 ± 0.9 16.7 ± 1.6 13.3 ± 0.6c 3.2 ± 0.2 5.0 ± 0.3
22:4n-6 10.8 ± 0.4 8.5 ± 0.4 6.1 ± 0.4a 0.8 ± 0.1 1.9 ± 0.1
22:5n-6 2.5 ± 0.1 2.7 ± 0.2 1.9 ± 0.1c 0.3 ± 0.04 0.8 ± 0.1
Total n-6 PUFA 31.7 ± 1.0 29.0 ± 1.8 21.9 ± 0.8a 5.2 ± 0.5 9.9 ± 0.8

18:3n-3 <0.1 <0.1 <0.1 0.1 ± 0.02 0.3 ± 0.1
20:4n-3 <0.1 <0.1 <0.1 0.1 ± 0.03 0.1 ± 0.05
20:5n-3 0.2 ± 0.1 0.2 ± 0.1 1.0 ± 0.1c 0.3 ± 0.04 1.2 ± 0.04
22:5n-3 2.9 ± 0.2 2.2 ± 0.2 2.6 ± 0.2 0.5 ± 0.1 1.1 ± 0.2
22:6n-3 3.3 ± 0.2 5.3 ± 0.9 5.4 ± 0.3b 0.9 ± 0.1 1.5 ± 0.1
Total n-3 PUFA 6.4 ± 0.5 7.6 ± 0.8 9.1 ± 0.5b 1.9 ± 0.3 4.4 ± 0.5

Total DMA 8.5 ± 0.2 9.2 ± 0.6 10.4 ± 0.3c 0.1 ± 0.03 1.2 ± 0.2

Other 2.5 ± 0.2 2.6 ± 0.2 0.9 ± 0.1 2.4 ± 0.2 0.8 ± 0.1
aCells were cultured in 10% FCS (without n-3 supplementation) for 16, 48, or 72 h. aP < 0.001; bP < 0.01; cP < 0.02; significant changes in EtnGpl (72 vs. 16
h). EtnGpl, ethanolamine-glycerophospholipids; ChoGpl, choline glycerophospholipids; PtdSer, phosphatidylserine; SFA, saturated FA; MUFA, monounsatu-
rated FA; DMA, dimethylacetals.



tion that led to the decrease in DHA synthesis and/or incorpo-
ration. To address this question, we analyzed the effect of 70
µM EPA on the mRNA encoded by genes involved in FA con-
version.

Effect of the n-3 FA on endogenous n-6 FA. The incorporation
of the main long-chain n-6 FA, 20:4n-6 (arachidonic acid),
22:4n-6 (adrenic acid), and 22:5n-6 (n-6 docosapentaenoic acid),
either provided by the serum or synthesized from serum linoleic
acid, decreased when the cells were incubated with increasing
concentrations of each supplemental n-3 FA, DHA, α-LNA,
EPA, or DPA (Fig. 4). The EtnGpl contents of n-6 PUFA de-
creased to about 50% in cells incubated with 70 µM of each n-3
FA. These patterns indicate that the acylation of the preformed
and newly formed n-3 FA counteracts that of the “endogenous”
n-6 FA.

Quantification of mRNA encoding for lipid metabolism genes.
The mRNA relative abundances show that various lipid metabo-
lism genes produce concentrations of mRNA varying from 3 to
9% that of GAPDH (Fig. 5). This is the first report, to our knowl-
edge, that SH-SY5Y human neuroblastoma cells express the
main enzymes of PUFA metabolism. We quantified the mRNA
after 16 and 48 h of culture in the presence of 70 µM EPA to de-
termine whether the transcription levels in the EPA-treated cells

depended on the same duration of treatment as that producing
changes in the FA composition. The data clearly show that the
mRNA levels depended more on the culture duration than on the
presence of EPA. There was a general trend (although not statis-
tically significant regarding each gene) for a transcriptional in-
crease between 16 and 48 h of culture, with the exception of the
LBP mRNA abundance, which remained at the same low level
throughout experiment. Actually, the relative abundance of
∆6-D mRNA increased by one point between 16 and 48 h in the
absence of EPA (P < 0.001), but not in the presence of 70 µM
EPA, showing that the time-dependent increase in ∆6-D mRNA
was lost. On the other hand, incubation with EPA produced a sig-
nificant time-dependent increase in the relative abundance of
FACL3 mRNA (P < 0.01). Therefore, EPA had opposing effects
on the time-dependent changes in mRNA, attenuating the weak
increase in ∆6-D mRNA and slightly amplifying the change in
FACL3 mRNA. The EPA treatment had no impact on the mRNA
levels of LBP, ELOVL4, AOX, and DBP. 

DISCUSSION

The incorporation of newly formed DHA into cell phospho-
lipids results from synthesis, acylation, phospholipid metabo-
lism, and turnover, with the relative content of DHA within
membrane phospholipids giving a final reflection of the whole
process. Our data show that the FA compositional changes in-
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FIG. 1. Distributions of eicosapentaenoic acid (EPA, 20:5n-3), docosa-
pentaenoic acid (DPA, 22:5n-3), and docosahexaenoic acid (DHA,
22:6n-3) in the ethanolamine-glycerophospholipid (EtnGpl) fraction
from SH-SY5Y cells cultured with a range of concentrations of (A) DHA,
(B) α-linolenic acid (α-LNA, 18:3n-3), (C) EPA, or (D) DPA. Cells were
incubated in medium supplemented with 7 to 70 µM unesterified FA.
Each value is the mean ± SD of three separate cultures, expressed in
percentage by weight of total FA in EtnGpl. Note that the y-axis in panel
A is different from those in panels B–D. 

FIG. 2. Double reciprocal plot drawn from the inverted data (see Ref.
35 for details) of the biphasic incorporation of newly formed DHA (Fig.
1B–D). The intersection point of the V-shaped lines defines the inverse
value of the precursor concentration at which the incorporation of
newly formed DHA peaked (concentration of reversion). The double re-
ciprocal plot drawn from the incorporation of preformed DHA (not
shown) produces a straight line (35). For abbreviations see Figure 1.



duced by graded doses of the n-3 precursors follow a dose–re-
sponse effect in EtnGpl, which is representative of the global
metabolic capacities of cells. In particular, EtnGpl appeared to
be the preferential class for the phospholipid incorporation of
DHA in SH-SY5Y cells. This specificity of neuroblastoma
cells may have a physiological significance, since it has been
shown that DHA is more concentrated in the EtnGpl fraction
from rat brain phospholipids than in the other classes (40). (Ac-
cording to that study, rat brain EtnGpl contains around 67
mol% of the total amount of brain DHA, compared with 22
mol% in PtdSer and 10 mol% in ChoGpl.)

The incorporation of n-3 FA into EtnGpl indicates that the
synthesis of DPA from α-LNA or from EPA is an active
process in SH-SY5Y cells, with the incorporation of DPA re-
sponding to the concentration of each precursor in a saturable
manner. The increases in DHA and DPA at low precursor con-
centrations were concurrent, suggesting that newly synthesized
DHA (from α-LNA, EPA, or DPA) and DPA did not compete
for phospholipid acylation. Therefore, SH-SY5Y cells have the
capacity to complete the metabolic chain of n-3 FA conversion
through the ER and peroxisomal pathways, leading to DHA
synthesis and to its effective incorporation into the membrane
phospholipids. However, several features of the FA profile in-
dicate that the peroxisomal step is limited in these cells. First,
the DHA level was particularly low in basal conditions of cul-
ture despite the influx of n-3 PUFA from the medium. Animal
studies of n-3 PUFA deficiency have shown that 22:5n-6 is
formed through the action of desaturases and elongases on n-6
precursors, to compensate for the reduced input of n-3 PUFA.
Thus, in physiological conditions, 24:5n-6 is formed within the
ER and β-oxidized in the peroxisomes to produce 22:5n-6.
However, in SH-SY5Y cells, the 22:5n-6 level remained low
throughout 72 h of culture, whereas the total n-6 FA accounted
for 22% of FA in EtnGpl, suggesting that the formation of the
n-6 end product is limited. An impairment of the peroxisomal

synthesis of 22-carbon PUFA from both the n-6 and n-3 series
may explain the compensating rise in trienoic FA (20:3n-9 and
22:3n-9), whose synthesis is circumscribed to the ER, contrary
to that of 22:5n-6 and DHA, which both require peroxisomal
oxidation.

The second observation of our study was that increasing the
doses of one n-3 precursor, α-LNA, DPA, or EPA, resulted in a
sharp decrease in the incorporation of newly formed DHA,
with the concentration of reversion being proportional to the
precursor chain length. Hence, the most effective way to in-
crease the DHA incorporation into cell phospholipids (apart
from using preformed DHA) is to provide the cells with a 22-
carbon precursor (DPA), not 18- or 20-carbon (α-LNA or
EPA). Our finding that the concentration of reversion by α-
LNA was two times lower than with DPA suggests that α-LNA
is, paradoxically, the most potent down-regulator of DHA syn-
thesis and/or incorporation among the DHA precursors. We
previously showed that the DHA content of Y79 retinoblas-
toma cells peaked in the EtnGpl fraction from cells incubated
with 7 µM α-LNA, and that it decreased on incubation with
higher concentrations (37). The precursor-induced reversion of
newly formed DHA incorporation seems to be a common fea-
ture of all neural cells in culture. This specific down-regulation
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FIG. 3. Incorporation of α-LNA (18:3n-3) in the choline glycerophos-
pholipid (ChoGpl) and EtnGpl fractions from SH-SY5Y cells cultured
with a range of concentrations of α-LNA. All conditions are identical to
those described in Figure 1B. For other abbreviations see Figure 1.

FIG. 4. Distribution of 20:4n-6 (arachidonic acid), 22:4n-6 (adrenic
acid), and 22:5n-6 (n-6 DPA) in the EtnGpl fraction from SH-SY5Y cells
cultured with 7 to 70 µM (A) DHA, (B) α-LNA, (C) EPA, or (D) DPA.
Cells were incubated in medium containing unesterified FA. Each value
is the mean ± SD of three culture flasks, expressed in percentage by
weight of total FA in EtnGpl. For abbreviations see Figure 1.
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of DHA incorporation is likely due to competition for phos-
pholipid acylation, as previously shown in CaCo-2 intestinal
cells, with the acylation of the newly formed DHA being pro-
gressively replaced by that of its major upstream precursor,
EPA (41). It was also reported that treatment of CaCo-2 cells
with the dose of 100 µM EPA increases the EPA and DPA con-
tents in EtnGpl (without modifying that of DHA) and decreases
by 2.5 times the ∆6- and ∆5-D activities, showing that EPA at
100 µM inhibits enzymes of DHA synthesis (42). However, it
was not determined in that study whether the desaturase-spe-
cific activities decreased through enzyme inhibition by excess
substrate or through down-regulation of desaturase gene ex-
pression.

Some aspects of DHA incorporation suggest that the bipha-
sic pattern results from mechanisms that are more complex
than a simple molecular competition between EPA and DHA.
First, the incorporation of α-LNA-derived DHA at low exter-
nal α-LNA concentrations predominated over the incorpora-
tion of newly formed EPA (Fig. 1B), even though the synthesis
of EPA necessarily precedes that of DHA. The incorporation
of EPA-derived DHA also predominated over that of EPA in
cells incubated with low concentrations of preformed EPA
(Fig. 1C). Last, the EtnGpl fraction more avidly incorporated
preformed DHA than preformed EPA. Therefore, the high
specificity and “suddenness” of the reversion process are diffi-
cult to explain by the competition of EPA and DHA for acyla-
tion alone. In the second part of this study, we examined
whether the EPA-induced decrease in DHA incorporation

could also result from transcriptional down-regulation of en-
zymes involved in DHA synthesis. 

The mRNA profile shows that several key genes of the FA
metabolism are expressed at relatively low levels, accounting
for less than 10% of the housekeeping gene-mRNA abundance.
However, ∆6-D mRNA appears to be 1.8 and 2.7 times more
abundant than the mRNA of LBP, ELOVL4, and AOX. More-
over, ∆6-D mRNA was the only one whose concentration in-
creased significantly throughout the 48 h in culture, which sug-
gests that the growing neuroblastoma cells increase their ca-
pacity to desaturate FA. Therefore, the precursor-induced rise
in EPA, DPA, and DHA and the mRNA profile both indicate
that ∆6-desaturation is probably not a limiting step in the FA
metabolism of SH-SY5Y cells. In comparison, the LBP gene
produces the lower amount of mRNA, suggesting that peroxi-
somal β-oxidation may be rate limiting. 

With the notable exception of ∆6-D, the mRNA levels were
remarkably stable throughout the 48 h of culture. There was a
trend toward increased mRNA abundance between 16 and 48
h, but this was significant only for ∆6-D in the absence of EPA,
and only for FACL3 in the presence of EPA. The low ampli-
tude of these transcriptional changes does not seem to support
our hypothesis that a depression of mRNA encoding for FA
metabolism genes may account for the biphasic pattern of
newly formed DHA, at least in the presence of preformed EPA.
However, since it has been demonstrated that (i) compounds
acting as peroxisome proliferators activate the transcription of
β-oxidation enzymes (43), (ii) AOX and LBP genes are direct
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FIG. 5. Relative abundance of mRNA encoding target genes in SH-SY5Y cells incubated for 16
or 48 h with 0 or 70 µM EPA. Each value is the mean ± SD of three culture flasks (one flask
value being the mean of three real-time PCR), expressed in percentage of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) abundance. Levels of mRNA with distinct superscripts on
histograms [a, b for fatty acyl-CoA ligase 3 (FACL3) or ** for ∆6-desaturase (∆6-D)] are signifi-
cantly different at P < 0.01 (FACL3) or P < 0.001 (∆6-D). LBP, L-bifunctional protein; ELOVL4,
brain FA elongase-4; AOX, peroxisomal acyl-CoA oxidase; DBP, D-bifunctional protein; for
other abbreviation see Figure 1.



targets of peroxisome proliferator-activated receptor-α (PPAR-
α) (44–47), and (iii) EPA is able to activate the PPAR-α-medi-
ated transcription of a reporter gene in transfected cells (48,49),
the hypothesis is plausible that EPA may be a modulator of
mRNA encoding peroxisomal enzymes through the activation
of cognate nuclear receptors. It should be noted that EPA ex-
hibited its transcriptional effect (49) within a range of concen-
trations (250–1000 µM), which should be considered as being
supraphysiological, especially regarding the cell capacity for
phospholipid incorporation. 

It cannot be excluded that transcriptional regulation of other
genes (or isotypes), perhaps those involved in the peroxisomal
assembly and/or in the functioning of peroxisomal membrane
transporters, are key events in the down-regulation of phospho-
lipid incorporation of the newly formed DHA. Alternatively,
the biphasic pattern may also directly result from inhibition of
enzyme activity(ies) without implicating transcriptional effects.
The phospholipid incorporation of newly formed DPA being
saturable and not submitted to down-regulation in the SH-
SY5Y cells, we can suppose that the enzyme activities taking
place in the ER are fully operant, at least until the step of DPA
synthesis, whereas the final synthesis of THA and/or the per-
oxisomal enzyme activities would be inhibited. From this point
of view, α-LNA should be the most potent inhibitor among the
DHA precursors. 

We conclude that, under conditions mimicking an n-3 phys-
iological influx, the incorporation of newly formed DHA into
phospholipids is strongly inhibited in SH-SY5Y cells, in spite
of their ability to desaturate FA and produce DHA from each
of the upstream precursors. The incorporation of newly formed
DHA reveals a critical precursor-concentration window of re-
sponsiveness that may be related to the low basal transcription
level of LBP and AOX without implicating further alterations
in the mRNA profile. The biphasic incorporation of DHA prob-
ably sets in motion competition with EPA for phospholipid acy-
lation, and possibly impairment of enzyme activities and/or of
acyl-CoA carriers that are involved in the peroxisomal step of
DHA synthesis. This combination of events results in a much
lower incorporation of newly formed DHA into phospholipids
than that resulting from an influx of preformed DHA, thereby
reproducing in cultured neural cells the bloodstream FA com-
position of humans receiving the DHA precursors. 
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ABSTRACT: New iodoacetamide derivatives, containing a do-
decyl or a squalenyl moiety, were synthesized. The effect of these
new thiol-reacting molecules was studied on two mutants of Ali-
cyclobacillus acidocaldarius squalene-hopene cyclase con-
structed especially for this purpose. In the quintuple mutant, all
five cysteine residues of the enzyme are substituted with serine;
in the sextuple mutant, this quintuple substitution is accompanied
by the substitution of aspartate D376, located at the enzyme’s ac-
tive site, with a cysteine. N-Dodecyliodoacetamide had little ac-
tivity toward either mutant, whereas N-squalenyliodoacetamide
showed a stronger effect on the sextuple than on the quintuple
mutant, as expected.

Paper no. L9759 in Lipids 40, 729–735 (July 2005).

Prokaryotic squalene-hopene cyclase (SHC) (EC 5.4.99.17) and
eukaryotic 2,3-oxidosqualene-lanosterol cyclase (OSC) (EC
5.4.99.7) are two enzymes that catalyze the conversion of linear
isoprenoid precursors to penta- and tetracyclic triterpenes (1–4)
(Scheme 1). Bacterial SHC cyclizes squalene to hopene and
other pentacyclic triterpenes, whereas OSC cyclizes (3S)-2,3-ox-
idosqualene (OS) to lanosterol in mammals and fungi, and to cy-
cloartenol and other tetra- and pentacyclic triterpenes in plants.
The enzymatic cyclization of squalene and OS is a complex and
fascinating biochemical reaction, and many studies have been
carried out over the last 50 yr in the attempt to elucidate at the
atomic level the mechanism that transforms a conformationally
flexible substrate, squalene or OS, into a cyclized product, with
precise structural and stereochemical control.

OSC and, more recently, SHC have been the targets of inhi-
bition studies. Initially, effective inhibitors that mimicked the
carbocationic intermediates formed during the cyclization of
OS were obtained by designing squalene-derived structures in
which the positively charged carbocation is replaced by a ni-
trogen (5–7). Different series of cyclized aza derivatives (8)
and sulfur-containing OS derivatives (9–11) have been devel-

oped. Among the substrate mimics, 2,3;18,19-dioxidosqualene
shows strong inhibitory potency (12). Finally, a strategy that
has been successfully adopted is to intercept the enzyme’s ac-
tive-site nucleophiles with a stable allylic cation, resulting in
an irreversible covalent modification of OSC. Following this
strategy, Prestwich and colleagues (13,14), Corey et al. (3,15),
and our group (16) have synthesized various 2,3-oxidosqualen-
oid dienes, some of which have proved to be selective and
time-dependent inhibitors of yeast or animal OSC. Few spe-
cific SHC inhibitors have been developed; the most potent ones
include amidrazone and amidoxime derivatives (17), whereas
some inhibitors of OSC have been studied for their inhibitory
activity on SHC (11,18,19).

Determination of the 3-D crystal structure of SHC from Ali-
cyclobacillus acidocaldarius (20,21) and, very recently, of
human OSC (22) has been a very important step in determin-
ing the aminoacidic residues locating at the active site but has
provided little information about the role of the residues di-
rectly involved in the cyclization process. The 3-D crystal
structure of SHC from A. acidocaldarius in the presence of a
reversible inhibitor similar to squalene, 2-aza-2,3-dihydrosqua-
lene, has only very recently been described (23).

In a previous paper (24), we reported a new approach to
study the arrangement of squalene in the active site cavity of
SHC. By exploiting site-directed mutagenesis, this strategy in-
serts a critically located cysteine residue in the active site,
which can act as a “sticking point” for thiol-reacting squalene-
like molecules. The goal of this strategy, which may be applic-
able to many other enzymes different from cyclases, is to cova-
lently bind a structure similar to the natural substrate to the ac-
tive site so as to facilitate the study of interactions between
substrate and residues at the active site by X-ray analysis.
Using this approach, we have already studied the interactions
of a series of thiol-reacting squalene-like inhibitors with the
D376C/C435S mutant of SHC for the purpose of identifing an
irreversibly binding molecule that mimics the folding of squa-
lene at the active site of the enzyme (24).

Here we report the results obtained with a pair of new thiol-
reacting molecules, N-dodecyliodoacetamide 3 and N-
squalenyliodoacetamide 9 (Scheme 2, Fig. 1) on the C25S/
C50S/D376C/C435S/C455S/C537S mutant of SHC (sextuple
mutant). In this mutant, all five cysteine residues are substituted
with a serine and one of three aspartates at the top of the active
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site (D376) is substituted with a cysteine. The SHC mutant
C25S/C50S/C435S/C455S/C537S (quintuple mutant) was used
as control. In this mutant, all the cysteine residues are substituted
with a serine to create an enzyme without any suitable points for
covalent binding of thiol-reacting molecules.

MATERIALS AND METHODS

Chemicals. 1H NMR spectra were recorded on a Bruker AC
200 instrument (Karlsruhe, Germany) for samples in CDCl3
solution at room temperature, with Me4Si (tetramethylsilane)
as internal standard. Coupling constants (J) are given in Hz. IR
spectra were recorded on a PE 781 (PerkinElmer, Palo Alto,
CA) spectrophotometer. Mass spectra were recorded on a
Finnigan MAT TSQ 700 spectrometer (San Jose, CA). Micro-
analyses were determined on an elemental analyzer 1106
(Carlo Erba Strumentazione, Milano, Italy) and were within

±0.3% of the theoretical values. The reactions were monitored
by TLC on F254 silica gel precoated sheets (Merck, Darmstadt,
Germany); after development, the sheets were exposed to io-
dine vapor. Flash-column chromatography was performed on
230–400 mesh silica gel. Diethyl ether and toluene were dried
over sodium benzophenone ketyl. All solvents were distilled
prior to flash chromatography.

Squalene, lanosterol, and polyoxyethylene 9 lauryl ether
were from Sigma Chemical Co. (St. Louis, MO). 1,1′,2-Tris-
nor-squalene aldehyde 4 was obtained as described elsewhere
(6). 1,1′,2-Tris-nor-squalene alcohol 5 was obtained as de-
scribed elsewhere (25), starting from 4 (Fig. 1).

N-Dodecylchloroacetamide (2, Scheme 2). In a two-necked
flask containing a solution of chloroacetyl chloride (1 equiv,
244 mg, 2.16 mmol) in ethyl acetate (5 mL), a solution of do-
decylamine 1 (2 equiv, 800 mg, 4.32 mmol) in ethyl acetate (2
mL) was added within 10 min. The addition was performed,
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under a flux of dry nitrogen, in an ice bath. After the addition
was complete, the flask was heated under reflux for 12 h. The
reaction mixture was then cooled, diluted with ethyl acetate (20
mL), and washed with water (3 × 20 mL), dried with anhydrous
sodium sulfate, and evaporated to dryness. The crude product
was purified with silica gel flash chromatography in a gradient
elution of petroleum ether/diethyl ether = 95:5, 90:10, 85:15,
80:20, and finally 70:30, vol/vol. N-Dodecylchloroacetamide 2
(26,27) (487 mg, 1.86 mmol) was obtained in 43% yield (86%
yield referred to chloroacetyl chloride). 1H NMR (CDCl3): δ,
0.84–0.88 (t, 3H, CH3), 1.24–1.28 [m, 20H, (CH2)10CH2N],
3.24–3.34 (m, 2H, CH2NH), 4.04 (s, 2H, CH2Cl), 6.78 (m, 1H,
NH). MS (EI): m/z 261 (M+, 0.5), 226 (68), 212 (100), 184 (5),
170 (3); MS (CI): m/z 262 (100), 228 (16), 226 (0.5), 212 (0.5).
Analyzed for C14H28NOCl (261.84); calcd.: C, 64.22; H,
10.78; N, 5.35; Cl, 13.54; found: C, 64.20; H, 10.77; N, 5.34;
Cl, 13.52.

N-Dodecyliodoacetamide (3, Scheme 2). N-Dodecyl-
chloroacetamide 2 (1 equiv, 94.3 mg, 0.360 mmol) was dis-
solved in anhydrous acetone (1 mL) under a flux of dry nitro-
gen, with stirring. Sodium iodide (1.1 equiv, 59.1 mg, 0.396
mmol) was added, allowed to react for 3 h at room tempera-
ture, and then heated under reflux for 2 h. The reaction mixture

was cooled, filtered to remove precipitated sodium chloride,
and evaporated to dryness; it was extracted with ethyl acetate
(3 × 20 mL) after addition of water (20 mL); the combined ex-
tracts were dried over anhydrous sodium sulfate and evapo-
rated to dryness. The crude product was purified with silica gel
flash chromatography in a gradient elution of petroleum
ether/diethyl ether = 90:10, 85:15, 80:20, 75:25, and finally
70:30, vol/vol. N-Dodecyliodoacetamide 3 (80 mg, 0.227
mmol) was obtained in 63% yield. 1H NMR (CDCl3): δ,
0.84–0.90 (t, 3H, CH3), 1.24–1.29 [m, 20H, (CH2)10CH2N],
3.21–3.31 (m, 2H, CH2NH), 3.70 (s, 2H, CH2I), 6.23 (m, 1H,
NH). MS (EI): m/z 352 (M+, 0.1), 226 (100), 212 (20), 184
(15), 169 (10). MS (CI): m/z 354 (100), 352 (34), 339 (0.5), 338
(5), 324 (3), 310 (0.5). Analyzed for C14H28NOI (352.67);
calcd.: C, 47.68; H, 8.00; N, 3.97; I, 35.98; found: C, 47.66; H,
8.01; N, 3.97; I, 35.95.

Squalene azide: (4E,8E,12E,16E)-4,8,13,17,21-penta-
methyl-4,8,12,16,20-docosapentaenyl azide (6, Fig. 1). Zinc
azide/bis-pyridine complex (ZnN6⋅2Py) was obtained as de-
scribed elsewhere (28,29). ZnN6⋅2Py (0.75 equiv, 1.91 g, 6.22
mmol) was added to a solution of 1,1′,2-tris-nor-squalene alco-
hol 5 (1 equiv, 3.21 g, 8.3 mmol) and triphenylphosphine (2
equiv, 4.35 g, 16.6 mmol) in anhydrous toluene (50 mL) under
a flux of dry nitrogen, with stirring. The reaction mixture was
cooled in an ice bath, and diisopropylazodicarboxylate (2
equiv, 3.36 g, 2.78 mL, 16.6 mmol) was added dropwise and
left to react for 2 h at room temperature. The solvent was evap-
orated in vacuo, and the crude product was purified with silica
gel flash chromatography in a gradient elution of petroleum
ether/diethyl ether = 99.5:0.5 and 99:1, vol/vol. Squalene azide
6 (3.08 g, 7.47 mmol) was obtained in 90% yield. 1H NMR
(CDCl3): δ, 1.61–1.71 (m, 18H, allylic CH3), 2.00–2.08 (m,
20H, allylic CH2 and NCH2CH2), 3.23 (t, 2H, CH2N3),
5.12–5.18 (m, 5H, vinylic CH). MS (EI): m/z 411 (M+, 3), 384
(4), 368 (9), 314 (18), 300 (5), 246 (18), 192 (10), 178 (20),
137 (30), 110 (61), 95 (30), 81 (74), 69 (100). IR (liquid film):
cm−1 3400, 2960, 2920, 2840, 2100, 1650, 1450. Analyzed for
C27H45N3 (411.36); calcd.: C, 78.84; H, 11.03; N, 10.21;
found: C, 78.80; H, 11.01; N, 10.22.

Squalene amine: (4E,8E,12E,16E)-4,8,13,17,21-penta-
methyl-4,8,12,16,20-docosapentaenylamine (7, Fig. 1). Squa-
lene azide 6 (1 equiv, 2.53 g, 6.15 mmol) was dissolved in an-
hydrous diethyl ether (40 mL) and cooled in an ice bath under
a flux of dry argon, with stirring. LiAlH4 (1.13 equiv, 263.5 mg,
6.94 mmol) was added in portions and left at room temperature
for 12 h, with stirring. The reaction mixture was then cooled in
an ice bath, water was added to destroy unreacted LiAlH4, and
the mixture was extracted with diethyl ether (3 × 30 mL). The
combined extracts were washed with saturated brine (3 × 30
mL), dried over anhydrous sodium sulfate, and evaporated to
dryness. Crude squalene amine 7 (1.71 g, 4.43 mmol, 72%
yield) was sufficiently pure for the following step. An analyti-
cal sample was obtained by preparative TLC [eluent:
CH2Cl2/MeOH/NH3 (32%), 96:1:3]. 1H NMR (CDCl3): δ,
1.61–1.71 (m, 18H, allylic CH3), 2.00–2.08 (m, 20H, allylic
CH2, and NCH2CH2), 3.23 (t, 2H, CH2N), 5.12–5.18 (m, 5H,

INHIBITION OF SQUALENE-HOPENE CYCLASE MUTANTS 731

Lipids, Vol. 40, no. 7 (2005)

FIG. 1. Synthesis of N-squalenyliodoacetamide 9 starting from 1,1′,2-
tris-nor-squalene aldehyde 4. ZnN6⋅2Py, zinc azide/bis-pyridine com-
lex; DIAD, diisopropylazodicarboxylate; 5, 1,1′,2-tris-nor squalene al-
cohol; 6, squalene azide; 7, squalene amine; 8,N-squalenylchoro-
acetamide.



vinylic CH). MS (EI): m/z 385 (M+, 3), 356 (10), 288 (18), 248
(13), 220 (32), 180 (10), 152 (100), 138 (11), 112 (58), 95 (74),
69 (93). IR (liquid film): cm−1 3380, 2960, 2920, 2850, 1660,
1570, 1450. Analyzed for C27H47N (385.68); calcd.: C, 84.08;
H, 12.28; N, 3.63; found: C, 84.01; H, 12.27; N, 3.61.

N-Squalenylchloroacetamide: N-[(4E,8E,12E,16E)-4,8,13,
17,21-pentamethyl-4,8,12,16,20-docosapentaenyl]chloro-
acetamide (8, Fig. 1). Squalene amine 7 (2 equiv, 733 mg, 1.90
mmol) was added within 10 min to a solution of chloroacetyl
chloride (1 equiv, 0.95 mmol, 107 mg, 76 mL) in ethyl acetate
(5 mL), in an ice bath, under a flux of dry nitrogen, with stir-
ring. The mixture was heated under reflux in an oil bath for 12
h. After cooling, ethyl acetate (20 mL) was added, and the or-
ganic phase was washed with water (3 × 20 mL), dried over an-
hydrous sodium sulfate, and evaporated to dryness. The crude
product was purified with silica gel flash chromatography in a
gradient elution of n-hexane/dichloromethane = 80:20, 70:30,
60:40, 55:45, 50:50, and finally 45:55, vol/vol. N-Squa-
lenylchloroacetamide 8 (351 mg, 0.76 mmol) was obtained in
40% yield (80% yield referred to chloroacetyl chloride), as a
pale yellow oil. 1H NMR (CDCl3): δ, 1.67–1.72 (m, 18H, al-
lylic CH3), 1.99–2.07 (m, 20H, allylic CH2 and N-CH2-CH2),
3.22–3.26 (m, 2H, CH2-N), 4.03 (s, 2H, CH2Cl), 5.12–5.17 (m,
5H, vinylic CH), 6.66 (m, 1H, NH). MS (EI): m/z 461 (M+, 5),
418 (2), 324 (2), 299 (3), 269 (5), 231 (6), 203 (5), 188 (10),
176 (20), 163 (30), 149 (24), 107 (21), 95 (100), 69 (82). MS
(CI): m/z 462 (100), 428 (2), 413 (2). Analyzed for
C29H48NOCl (461.45); calcd.: C, 75.48; H, 10.48; N, 3.04; Cl,
7.68; found: C, 75.50; H, 10.50; N, 3.03; Cl, 7.66.

N-Squalenyliodoacetamide: N-[(4E,8E,12E,16E)-4,8,13,17,
21-pentamethyl-4,8,12,16,20-docosapentaenyl]iodoacetamide
(9, Fig. 1). NaI (1.1 equiv, 35.8 mg, 0.240 mmol) was added to
a solution of N-squalenylchloroacetamide 8 (1 equiv, 100.6 mg,
0.218 mmol) in anhydrous acetone (2 mL), under a flux of dry
argon, with stirring, at room temperature for 4 h. The reaction
mixture was filtered to remove NaCl and evaporated to dry-
ness. Ethyl acetate (20 mL) was then added, and the solution
was washed with water (2 × 10 mL), dried over anhydrous
sodium sulfate, and evaporated to dryness. The crude product
was purified with silica gel flash chromatography with petro-
leum ether/diethyl ether = 80:20, vol/vol. N-Squalenyliodoacet-
amide 9 (73.5 mg, 0.133 mmol) was obtained in 61% yield
as a pale yellow oil. 1H NMR (CDCl3): δ 1.60–1.66 (m, 18H,
allylic CH3), 1.99–2.06 (m, 20H, allylic CH2 and NCH2CH2),
3.21–3.25 (m, 2H, CH2N), 3.69 (s, 2H, CH2I), 5.12–5.15 (m,
5H, vinylic CH), 6.66 (m, 1H, NH). MS (EI): m/z 553 (M+,
0.5), 510 (0.5), 484 (1.5), 470 (0.2) 426 (25), 356 (5), 302 (2),
234 (9), 198 (20), 163 (41), 107 (22), 95 (100), 69 (88). MS
(EI): m/z 554 (100), 514 (0.1), 500 (0.1). IR (liquid film): cm−1

3300, 2940, 2860, 1650, 1555, 1450, 1385, 1305, 1255, 1170,
1120, 985. Analyzed for C29H48NOI (553.00); calc.: C, 62.99;
H, 8.75; N, 2.53; I, 22.95; found: C, 63.00; H, 8.74; N, 2.53; I,
22.91.

Radiochemicals. [2-14C]Mevalonate (50 mCi/mmol) was
from NEN (Boston, MA). [14C]-(3S)-2,3-Oxidosqualene was
prepared as described elsewhere (24). Briefly, 25 mg of pro-

teins of S10 supernatant from a pig’s liver homogenate was in-
cubated with 1 µCi of [14C]mevalonate in the presence of the
OSC inhibitor U14266A 200 µM [U14266A: 3β-(2,2-dimethyl-
aminoethoxy)-androst-5-en-17-one] (30), as described by Pop-
jak (31). The nonsaponifiable lipids were separated by two-step
TLC on silica gel plates (Merck; 20 × 20 cm, 0.5 mm layer).
The plates were first developed for about 10 cm above the ori-
gin in light petroleum, then dried and developed to 15 cm
above the origin with n-hexane/ethyl acetate (90:10; vol/vol).
The radioactive area corresponding to OS, was scraped off and
eluted with dichloromethane. The solvent was dried under N2,
and [14C]-(3S)-2,3-oxidosqualene was dissolved in benzene.
The radiochemical purity of the product was evaluated by scan-
ning TLC plates with a System 2000 Imaging Scanner
(Hewlett-Packard, Palo Alto, CA). Radioactivity was measured
by liquid scintillation counting (Beckman LS500 TD; Beck-
man Instruments, Fullerton, CA). The radiolabeled compound
was compared chromatographically with authentic radio-inert
samples. Determination of the radioactive substance, as well as
isotope counting, was carried out as described elsewhere
(25,32).

Generation of mutants. Quintuple and sextuple mutants
C25S/C50S/C435S/C455S/C537S and C25S/C50S/D376C/
C435S/C455S/C537S were generated using existing plasmids
coding for mutants D376C, C435S, and for the quadruple mu-
tant C25S/C50S/C455S/C537S described elsewhere (21,24)
and derived from pKK223-3 (Pharmacia, Uppsala, Sweden).
The quintuple mutant was obtained by exchanging a Xho I–Xho
I restriction fragment of the quadruple mutant with that of mu-
tant C435S. Both plasmids were digested with Xho I, and the
restriction fragments were purified by agarose gel electrophore-
sis and gel extraction. The fragments of interest were ligated
using Ready-to-Go ligase (Amersham Bioscience, Bucking-
hamshire, United Kingdom), and the resulting plasmids were
transformed into  Escherichia coli JM 105 cells following stan-
dard protocols (33). The quintuple mutant sequence was vali-
dated by DNA sequencing (SeqLab, Göttingen, Germany). In
an analogous approach, the sextuple mutant was obtained by
exchanging an Apa I–Sac I restriction fragment of the quintu-
ple mutant plasmid with that of mutant D376C.

Expression and purification. Escherichia coli JM105, trans-
formed with plasmids coding for quintuple and sextuple mu-
tants of SHC, were used for expression and solubilization of
the mutant SHC. Cells were grown in LB medium containing
100 µg/mL of ampicillin at 37°C until OD578 = 0.6 and then in-
duced for 6 h with 1 mM isopropyl-thio-β-D-galactoside. Cells
were sedimented; resuspended in a buffer containing 200 mM
Tris, pH 8.00, 0.5 M sucrose, 2.5 mM EDTA, 5 U/mL DNase,
0.1 U/mL RNase, 100 µg/mL PMSF, and 0.1 mg/mL
lysozyme; vortexed vigorously, and frozen overnight at −20°C.
Cells were then thawed at room temperature, vortexed vigor-
ously, incubated for 15 min at 30°C, and diluted 1:1 with cold
deionized water. Cells were disintegrated by indirect sonica-
tion (60 W for 2 min, 30-s pulse and 30-s pause) at 4°C. Mem-
branes were sedimented by centrifugation (40,000 × g, 60 min
at 4°C), resuspended in 0.1 M Na citrate buffer pH 6.00, 1
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mg/mL polidocanol, 10% (wt/vol) glycerol, and centrifuged
(40,000 × g, 60 min at 4°C). The supernatant contained solubi-
lized enzyme of a good degree of purity (about 90% as esti-
mated by SDS-PAGE).

Enzyme assays. Solubilized SHC (0.3–0.6 mg protein) was
incubated at 50°C for 30 min in 1 mL 0.1 M Na citrate buffer pH
6.00, 1 mg/mL polidocanol, 10% (wt/vol), glycerol, and 10 µM
[14C]-(3S)-2,3-oxidosqualene (1200 cpm). The reaction was
stopped by adding 1 mL 10% KOH in MeOH, and nonsaponifi-
able lipids were extracted twice with 1 mL petroleum ether and
chromatographed on silica gel plates developed in CH2Cl2. The
radioactivity of chromatographic bands [OS and hop-22(29)-en-
3-ol] (34) was evaluated using a System 2000 Imaging Scanner
(Packard). IC50 values (the concentration of inhibitor that re-
duced the enzymatic activity by 50%) were determined by
adding the inhibitors to the mixture of radiolabeled and nonradio-
labeled substrates and by incubating with SHC as described.

Time-dependent inactivation of SHC was determined as de-
scribed in Reference 35. Briefly, solubilized SHC (0.3–0.6 mg
protein) was incubated at 50°C for different times in 1 mL 0.1
M Na citrate buffer, pH 6.00, 1 mg/mL polidocanol, 10%
(wt/vol) glycerol, and 10 µM [14C]-(3S)-2,3-oxidosqualene
(1200 cpm) in the presence of different concentrations of in-
hibitor. The reaction was stopped by adding 1 mL 10% KOH
in MeOH, and the nonsaponifiable lipids were extracted and
analyzed as described.

RESULTS AND DISCUSSION

Chemistry. N-Dodecyliodoacetamide 3 was obtained in two
steps (Scheme 2). Condensation between chloroacetyl chloride
and a twofold excess of dodecylamine in ethyl acetate under
reflux afforded N-dodecylchloroacetamide 2 in 86% yield (re-
ferred to chloroacetyl chloride). Compound 2 was then reacted
with sodium iodide in anhydrous acetone, under reflux, to af-
ford N-dodecyliodoacetamide 3 in 63% yield. Initially, we tried
a one-pot synthesis, by reacting dodecylamine directly with
iodoacetyl chloride, but the yield was very poor.
The synthesis of N-squalenyliodoacetamide 9 was then devel-
oped (Fig. 1). 1,1′,2-Tris-nor-squalene aldehyde 4, obtained as
described elsewhere (6,11,36), was reduced to 1,1′,2-tris-nor-
squalene alcohol 5 with sodium borohydride in methanol and
submitted to the Mitsunobu reaction (28,29) to give squalene
azide 6 in 90% yield. 1,1′,2-Tris-nor-squalene alcohol 5 and

triphenylphosphine in toluene and then diisopropylazodicar-
boxylate were added. Squalene azide 6 was reduced to squalene
amine 7 with lithium aluminum hydride in 72% yield, and amine
7 was reacted with chloroacetyl chloride in ethyl acetate, to give
N-squalenylchloroacetamide 8 in 80% yield (referred to as
chloroacetyl chloride). Finally, reaction with sodium hydride in
acetone gave N-squalenyliodoacetamide 9 in 61% yield.

Biological activity. The effect of the new thiol-reacting mole-
cules, N-dodecyliodoacetamide 3 and N-squalenyliodoacetamide
9, was studied on two mutants of A. acidocaldarius SHC to
identify the first irreversible inhibitor able to bind covalently to
the active site and mimic the folding of the natural substrate. The
squalenic or dodecylic structure of these inhibitors was expected
to allow them to reach the lipophilic cavity of the active site,
whereas the iodoacetamide moiety should specifically react with
critically located cysteine residues (37,38). The mutants used,
expressly designed for this study, were a C25S/C50S/
C435S/C455S/C537S (quintuple mutant), in which all five cys-
teine residues are substituted with a serine, and a C25S/
C50S/D376C/C435S/C455S/C537S (sextuple mutant), in which
all the cysteine residues are substituted, and in addition aspartate
D376, located at the top of the active site, is substituted with a
cysteine. Because the quintuple mutant lacks all the cysteine
residues, we expected thiol-reacting inhibitors to be inactive or
poorly active (and reversible, of course) against this mutant,
whereas the inhibitors should irreversibly inactivate the sextuple
mutant, bearing a cysteine at the active site.

The SHC sextuple mutant lost its ability to cyclize squalene,
due to the absence of one of the two critical aspartate residues in
the DDTA (a highly conserved aspartate-rich motif) sequence
(39), but was still able to cyclize OS, although less efficiently
than the wild-type. The inhibitory effect of the two thiol reagents
was thus assayed toward OSC activity. Furthermore, SHC quin-
tuple and sextuple mutants are less stable than the wild-type en-
zyme if incubated at 60°C, which is the optimal temperature for
SHC (40); for this reason the SHC activity was determined at
50°C. KM values for the cyclization of OS are 1.5 µM for the
wild-type, 1.0 µM for the quintuple mutant, and 2.3 µM for the
sextuple mutant; KM values for the cyclization of squalene are
13.2 µM for the wild-type and 10.0 µM for the quintuple mutant,
whereas the sextuple mutant is totally inactive.

IC50 values for the two thiol-reacting molecules (Table 1)
show that N-dodecyliodoacetamide 3 has little effect against
either mutant (IC50 > 200 µM), and N-squalenyliodoacetamide
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TABLE 1
Inhibition Values (IC50) of Thiol-Modifying Inhibitor on Oxidosqualene Cyclizing Activity
of Squalene-Hopene Cyclase (SHC) Wild-Type, Quintuple Mutant, and Sextuple Mutant

IC50
a (µM)

C25S/C50S/C435S/C455S/C537S C25S/C50S/D376C/C435S/C455S/C537S
Compoundb SHC wild-typec SHC quintuple mutantc SHC sextuple mutantc

3 >200 >200 >200

9 >200 >200 50
aIC50, inhibitor concentration reducing enzymatic conversion by 50%.
bFor compound structures, see Scheme 2 and Figure 1.
cData are mean values from three independent experiments with a mean deviation of ±10%.



9 has a stronger inhibitory effect on the sextuple than on the
quintuple mutant (IC50 = 50 µM and >200 µM, respectively).
The two molecules are almost inactive on wild-type SHC. A
first attempt to clarify the type of inhibition, reversible or irre-
versible, was made with a classical preincubation and dilution
protocol that entails preincubation of SHC mutants for differ-
ent times in the presence of inhibitors at different concentra-
tions, dilution of the preincubation mixture by almost 1:20 to
decrease the concentration of the inhibitor, and finally determi-
nation of residual SHC activity. Unfortunately, this protocol
could not be applied with the sextuple mutant, as SHC activity
of this enzyme is very slight compared with that of the quintu-
ple mutant, and the enzyme was rapidly denatured during incu-
bation; for this reason, it was not possible to determine the
residual activity after preincubation and dilution.

To demonstrate the irreversibility of the inactivation of the
sextuple mutant by N-squalenyliodoacetamide 9, we used a
protocol that does not require the dilution step (35): SHC mu-
tants were incubated for different times in the presence of in-
hibitors at different concentrations, and the residual activity
was compared with the activity of a control incubated without
the inhibitor. All the inhibitors proved to have very little effect
on the SHC quintuple mutant (Fig. 2), whereas on the sextuple
mutant the good activity of N-squalenyliodoacetamide 9 was
confirmed (Fig. 3). The slopes did not clearly indicate the type
of inhibition (reversible or irreversible) of the inhibitors tested.
A possible reason could be the complexity of the biphasic sys-
tem required for the determination of enzymatic activity (i.e.,
the presence of detergent and hydrophobic compounds) that
might influence the availability of substrate and inhibitor.

The novel thiol-reacting molecule, N-squalenyliodo-
acetamide, should in the near future prove itself to be a useful tool
to study the exact geometry of the cyclization reaction in eu-
karyotic OSC. Very recently, human OSC was crystallized and
the 3-D structure of this enzyme determined (22). According
to the crystallographic data, three critically located cysteine
residues are present in human OSC: Cys456, Cys533, and

Cys233 (22). Our approach of labeling a critical cysteine
residue with a substrate analog such as N-squalenyliodo-
acetamide could be profitably applied to human OSC with the
goal of preparing a stable covalent enzyme–squalenic molecule
complex for structural analysis. The crystallization and 3-D
structure determination of this complex will be of great value
to elucidate the mechanism whereby a squalenic molecule folds
into the OSC active site.
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ABSTRACT: The objective of this study was to evaluate the ki-
netics of both free and esterified forms of cholesterol contained
in a emulsion that binds to LDL receptors (LDE) in subjects with
heterozygous familial hypercholesterolemia (FH), and the same
subjects under the effects of high-dose simvastatin treatment, as
compared with a control normolipidemic group (NL). Twenty-
one FH patients (44.0 ± 13.0 yr, 12 females, LDL cholesterol lev-
els 6.93 ± 1.60 mmol/L) and 22 normolipidemic patients (44.0 ±
15.0, 10 females, LDL cholesterol levels 3.15 ± 0.62 mmol/L)
were injected intravenously with 14C-cholesteryl ester and 3H-
cholesterol. FH patients were also evaluated after 2 mon of 40 or
80 mg/d simvastatin treatment, and plasma samples were col-
lected over 24 h to determine the residence time (RT, in h) of both
LDE labels, expressed as the median (25%; 75%). The RT of both
14C-cholesteryl ester and 3H-cholesterol were greater in FH than
in NL [FH: 36.0 (20.5; 1191.0), NL: 17.0 (12.0–62.5), P = 0.015;
and FH: 52.0 (30.0; 1515.0); NL 20.5 (14.0–30.0) P < 0.0001].
Treatment reduced LDL cholesterol by 36% (P < 0.0001), RT of
14C-cholesteryl ester by 49% (P = 0.0029 vs. baseline), and 3H-
cholesterol RT by 44% (P = 0.019 vs. baseline). After treatment,
the RT values of 14C-cholesteryl ester in the FH group approached
the NL values (P = 0.58), but the RT of 3H-cholesterol was still
greater than those for the NL group (P = 0.01). The removal of
LDE cholesteryl esters and free cholesterol was delayed in FH pa-
tients. Treatment with a high dose of simvastatin normalized the
removal of cholesterol esters but not the removal of free choles-
terol.

Paper no. L9724 in Lipids 40, 737–743 (July 2005).

Emulsions of defined composition resembling the lipidic struc-
ture of plasma lipoproteins have been used as a tool to investi-
gate lipid intravascular metabolism (1–6). Emulsion models of
lymph chylomicrons facilitate the study of chylomicron me-
tabolism in several disease states and under the action of an-
tilipidemic drugs (6–10). It is also feasible to use artificial
emulsions as probes to explore the metabolism of LDL instead
of using the native lipoprotein. In this regard, we have studied

the metabolic behavior of a cholesterol-rich emulsion termed
LDE that roughly resembles the lipidic structure of LDL. LDE
is made without protein, but when injected into the bloodstream
it acquires several apolipoproteins, including apo E (2,3). Apo
E endows LDE with particles that bind to the LDL receptors,
since those receptors recognize not only the apo B present in
LDL, but also apo E, which is not found in the LDL fraction
(11). Apo E binds to the LDL receptors with a greater affinity
than apo B-100 and, as previously shown, is therefore removed
more rapidly than the natural lipoprotein (5). The fact that LDE
is removed from the plasma faster than native LDL is a
methodological advantage because it shortens the period re-
quired to perform the plasma kinetics test. Among other advan-
tages of this model is the possibility of using the same prepara-
tion to test several subjects. Because of the risk of contamina-
tion, this procedure cannot be done with the natural lipoprotein,
which requires use of the autologous lipoprotein. Furthermore,
LDE is a standard preparation compared with native lipopro-
teins, which show great variation among individuals; this facil-
itates labeling by radioactive or other means. All these opera-
tional advantages greatly facilitate performing systematic stud-
ies on the plasma kinetics of lipids.

The kinetics of LDL in the plasma is traced by labeling apo
B, which is virtually the only apolipoprotein present in the LDL
particles (12,13). Because apo B is not an exchangeable protein,
the kinetics of apo B plasma reflects the kinetics of LDL parti-
cles (11). However, lipoproteins are constantly being remodeled,
and each lipid component may have a distinct metabolic fate in
health and in disease. Tracing the intravascular metabolism of
the lipidic components of lipoprotein may be important and is
greatly facilitated by the use of artificial probes such as LDE. In-
deed, we recently (14) showed that after intravenous injection of
LDE doubly labeled with radioactive cholesteryl esters and un-
esterified cholesterol, the two forms of cholesterol showed dif-
ferent plasma kinetic behaviors in normolipidemic (NL) subjects
with coronary artery disease (CAD) and in non-CAD subjects,
which can eventually shed new light on the mechanisms of arte-
rial lipid deposition. In fact, comparative investigations of the
plasma kinetic behaviors of the two forms of cholesterol have
scarcely been explored in the literature (15,16).

Familial hypercholesterolemia (FH) is a dominant auto-
somic disease wherein the removal from plasma of LDL par-
ticles is reduced because of defects in the expression and
function of LDL receptors (17). FH is characterized by an

Copyright © 2005 by AOCS Press 737 Lipids, Vol. 40, no. 7 (2005)

*To whom correspondence should be addressed at Instituto do Coração do
HC-FMUSP, Laboratório de Metabolismo Lipídico, Av. Dr. Eneas de Car-
valho Aguiar 44, CEP 05403-000, São Paulo, SP, Brazil.
E-mail: ramarans@usp.br
Abbreviations: apo, apolipoprotein; CAD, coronary artery disease; FCR,
fractional catabolic rates; FH, familial hypercholesterolemia; LDE, choles-
terol-rich emulsion; NL, normolipidemic; PLTP, phospholipid transfer pro-
teins; RT, residence time.

COMMUNICATIONS

Plasma Kinetics of Free and Esterified Cholesterol in
Familial Hypercholesterolemia: Effects of Simvastatin

Raul D. Santosa, Ana P.M. Chacraa, Aleksandra Morikawaa,
Carmen C. Vinagrea, and Raul C. Maranhãoa,b,*

aLipid Metabolism Laboratory and Lipid Clinic, The Heart Institute (InCor), University of São Paulo, Medical School Hospital
(InCor–HCFMUSP), and bFaculty of Pharmaceutical Sciences, University of São Paulo, São Paulo, Brazil

 



early onset of atherosclerosis caused by an accumulation of
LDL and an increase in the cholesterol plasma pool. How-
ever, the removal of free cholesterol, which accounts for
around 30% of the plasmatic cholesterol pool, was not estab-
lished in this disease (18).

HMG-CoA reductase inhibitors, such as simvastatin, have
been used to reduce LDL cholesterol levels, and consequently
the risk of coronary heart disease, in hypercholesterolemia
(19). Because of the increased risk of coronary heart disease
associated with FH, statins are now a mandatory treatment in
adults with this disease (20).

In this study using LDE to model LDL in plasma kinetics,
we hypothesized that the LDL receptor defects that cause FH
would differently affect the removal of free and esterified forms
of cholesterol, i.e., that the decrease in the removal of the esteri-
fied cholesterol would be greater than that of the free form in the
presence of FH. Furthermore, we were interested in evaluating
whether statin treatment, which is universally used, would be
more effective in accelerating the removal of one cholesterol
form than the other. To address those issues, LDE labeled with
free and esterified cholesterol was injected into patients with FH
and into control subjects without the disease. Kinetic studies
were repeated in FH patients after 8 wk of simvastatin treatment.

MATERIALS AND METHODS

Study subjects. The participants in the study were selected from
among outpatients of the Lipid Clinic of the Heart Institute of
the São Paulo University Medical School Hospital. Twenty-
one recently diagnosed FH patients were studied. All patients
were first-degree relatives of subjects that already had the diag-
nosis of FH and were being followed in our clinic. FH was di-
agnosed using the U.S. MED PED (Make Early Diagnosis Pre-
vent Early Disease) group criteria (20).They were compared
with 22 healthy normolipidemic volunteer subjects (LDL cho-
lesterol < 4.1 mmol/L, plasma TG < 2.2 mmol/L, HDL choles-
terol > 1.0 mmol/L). Clinical data for the studied subjects are
shown in Table 1. None of the patients were addicted to alco-
hol consumption or had diabetes, liver, renal, thyroid, or other
metabolic diseases. They had not used lipid-lowering drugs for
at least the last 2 months prior to the study. There were no dif-
ferences between the groups regarding age, sex, body mass
index, hypertension, and smoking habits. One FH patient had
had a myocardial infarction episode 1 yr before enrolling in the
study.

Plasma lipids and apolipoproteins. Blood samples for the
determination of plasma lipids were collected after a 12-h fast
on the same day the kinetic studies were performed. Commer-
cial enzymatic methods were used to determine total choles-
terol (Boehringer-Mannheim, Penzberg, Germany) and TG
(Abbott Laboratories, Abbott Park, IL). HDL cholesterol was
determined by the same method used for total cholesterol after
lipoprotein precipitation with magnesium phosphotungstate.
VLDL cholesterol and LDL cholesterol were calculated by the
formula of Friedewald et al. (21).

LDE preparation. LDE was prepared from a lipid mixture

composed of 40 mg cholesteryl oleate, 20 mg egg PC, 1 mg tri-
olein, and 0.5 mg cholesterol, purchased from Nu-Chek-Prep
(Elysian, MN). 14C-Cholesteryl ester (cholesteryl oleate) and
3H-cholesterol, purchased from Amersham International
(Amersham, United Kingdom), were added to the mixture. The
procedures for emulsifying the lipids, i.e., by prolonged ultra-
sonic irradiation in aqueous media and two-step ultracentrifu-
gation of the crude emulsion with density adjustment by addi-
tion of KBr, to obtain the LDE microemulsion were carried out
using the method of Ginsburg et al. (1), modified by Maranhão
et al. (2). LDE was dialyzed against saline solution and passed
through a 0.22-µm filter for injection into the patients.

LDE plasma kinetics. The participants fasted for 12 h at the
beginning of the test, at approximately 9 AM, but they were al-
lowed two standard meals during the study, at approximately
12:30 and 7 PM. LDE containing 37 kBq of 14C-cholesteryl ester
and 74 kBq of 3H-cholesterol, for a total of 5–6 mg in a volume
of 500 µL, was injected intravenously in a bolus. Plasma sam-
ples were collected for 24 h in intervals of 5 min and at 1, 2, 4, 6,
and 24 h after the injection. Aliquots (1.5 mL) of blood plasma
were extracted with chloroform/methanol/water (2:1:1, by vol)
overnight at 4°C (13). The organic phase was transferred to a test
tube and dried under nitrogen flux. Lipids were resuspended with
5 mL of the solution described by Folch et al. (22) (chloro-
form/methanol 2:1) and transferred to counting vials containing
7.0 mL of scintillation solution [2,5 diphenyloxazole scintilla-
tion grade (PPO)/dimethyl POPOP (1,4-bis[2-(5-phenyl)-oxa-
zolyl]benzene)/Triton X-100/toluene, 5 g/0.5 g/333 mL/667 mL
(Merck, Darmstadt, Germany). Radioactivity was counted using
a Beckman LS100C spectrometer.

Estimation of plasma residence times (RT) of the radioiso-
topes. The plasma decay curves for both radioisotopes were de-
termined. The fractional catabolic rates (FCR) of the LDE 14C-
cholesteryl ester and 3H-cholesterol were calculated according
to the method described by Matthews (23) as FCR, where a1,
a2, b1, and b2 were estimated from biexponential curves ob-
tained from the remaining radioactivity found in plasma after
injection, fitted by a least squares procedure, as

y = (a1·e−b1t) + (a2·e−b2t) [1]

where y represents the plasma radioactivity decay as a function
of time (t), and a and b indicate the linear coefficient and the
angular coefficient, respectively, which represent the FCR in
h−1. The FCR were estimated from parameters a1, b1, and b2
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TABLE 1
Clinical Characteristics of Familial Hypercholesterolemia (FH)
and Normolipidemic (NL) Subjects

NL (n = 22) FH (n = 21) P

Age (yr) 44.0 ± 15.0 44.0 ± 14.0 0.9
Female sex, n (%) 10 (47.6) 12 (57) 0.54
Body mass index (kg/m2) 27.6 ± 5.0 25.3 ± 2.8 0.07
Arterial hypertension, n (%) 2 (9) 4 (19) 0.4
Smokers, n (%) 1 (4.5) 4 (19) 0.18
Coronary heart disease, n (%) 0 (0) 1 (4.7) 0.47



by the following equation: RT = (a1/b1 + a2/b2)−1. Calculations
were performed using ANACOMP software (24). The RT rep-
resent the inverse of the FCR (25).

Simvastatin treatment. After performing the LDE kinetic
study, a 30-d treatment with 40 mg simvastatin (Zocor; Merck,
Sharpe & Dohme, São Paulo, Brazil) was started in all patients.
The dosage was doubled to 80 mg/d for the next 4 wk. Plasma
lipids and kinetic studies were repeated in all 21 subjects after
the treatment period.

Statistical analysis. Data are expressed as mean ± SD ex-
cept for the RT of the radioisotopes and plasma TG, which are
expressed as medians (25%; 75%). Because of the non-Gauss-
ian distribution of these parameters, they were evaluated by the
Kolmogorov–Smirnov procedure. Categorical data were com-
pared between FH and NL by Fisher’s exact test. The compari-
son of parametric and nonparametric data between FH and NL
was performed, respectively, by Student’s t-test and the
Mann–Whitney test. The effects of simvastatin treatment on
plasma lipids and emulsion kinetics were evaluated by paired
t-tests or the Wilcoxon signed rank test when necessary. The
correlation between the RT of 3H-cholesterol and 14C-choles-
terol ester, and of these parameters with plasma lipids in the
entire population studied (n = 43) were performed by Spear-
man’s rho. In all analyses, a difference in the two-tailed tests of
P < 0.05 was considered statistically significant.

Informed consent and radiological safety. The experimental
protocol was approved by the Ethical Committee of the Heart
Institute, and written informed consent was given by all partic-
ipants. All women of reproductive age were using contracep-
tive methods, and pregnancy was excluded before beginning
the kinetic studies and simvastatin treatment.

The safety of the radioactive dose intravenously injected into
the patients was ensured according to the regulations of the In-
ternational Commission on Radiological Protection (26). The in-
jected dose in each experiment was 0.03 mSv and was well
below the annual limit for intake of radionuclides (50 mSv).

RESULTS

Table 2 shows the plasma lipids of FH and NL subjects. Total
plasma and LDL cholesterol of the FH subjects were roughly

twice the values of the NL. Also, plasma TG were higher in FH
than in NL. No significant differences were found in HDL cho-
lesterol between the two groups. Table 2 also shows the effects
of simvastatin treatment on the plasma lipids and the RT of the
LDE radioisotopic labels. The reduction in LDL cholesterol con-
centration under simvastatin treatment was 36% (P < 0.0001).

Figures 1A and 1B show the plasma decay curves of 3H-
cholesterol and 14C-cholesteryl ester in FH patients before and
after simvastatin treatment and in controls. Both radioisotopes
presented a slower decay in FH than in NL. Accordingly, Table
2 shows that the RT of 14C-cholesteryl ester and 3H-cholesterol
in FH subjects were 2.5 and 1.7 times the values of NL sub-
jects (P = 0.015 and P < 0.0001, respectively). Simvastatin
treatment accelerated the plasma decay of both radioisotopes,
as shown in Figures 1A and 1B. This trend was seen for both
radioisotopes at the 4-, 6-, and 24-h points and was marked at
the 24-h point of 14C-cholesteryl ester radioactivity after sim-
vastatin treatment. As shown in Table 2, the reductions in the
RT of 14C-cholesteryl ester and 3H-cholesterol were, respec-
tively, 49% (P = 0.0029 vs. baseline) and 44% (P = 0.019 vs.
baseline). Before simvastatin treatment, no differences were
found between the RT of both radioisotopes (P = 0.17); how-
ever, after treatment the RT of 14C-cholesteryl ester became
shorter than those of 3H-cholesterol (P = 0.011; Table 2). Also,
after treatment the RT of 14C-cholesteryl ester in FH subjects
were no longer different from those of NL subjects (P = 0.84),
but the RT of 3H-cholesterol was still increased when com-
pared with NL values (P = 0.0084; Table 2).

The RT of 3H-cholesterol, but not that of the 14C-cholesteryl
ester, was positively correlated with total and LDL cholesterol
levels, respectively (r = 0.42, P = 0.005 and r = 0.39, P =
0.009). No correlation was found between the RT of both la-
bels and the other plasma lipids (data not shown). The RT of
14C-cholesteryl ester were not correlated with the plasma
lipids. The RT of 3H-cholesterol and 14C-cholesteryl ester pre-
sented a positive but weak correlation (r = 0.39, P = 0.01).

DISCUSSION

Our current results show that the LDE cholesteryl ester was re-
moved slowly in patients with FH, in whom LDL receptors are
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TABLE 2
Plasma Lipids (mmol/L) and Residence Times (RT) of the Radioisotopes of LDE (in h) in Normolipidemics (NL)
and Familial Hypercholesterolemia (FH) Subjects Before and After Simvastatin Treatmenta

NL FH baseline FH simvastatin P, FH vs.
(n = 22) (n = 21) (n = 21) baseline

Total cholesterolb 4.96 ± 0.88 9.26 ± 1.68a 6.52 ± 1.8b <0.0001
LDL cholesterolb 3.15 ± 0.62 6.93 ± 1.60a 4.48 ± 1.8c <0.0001
HDL cholesterolb 1.19 ± 0.28 1.32 ± 0.36 1.36 ± 0.54 0.54
VLDL cholesterolc 0.60 (0.48; 0.74) 0.70 (0.47; 1.11) 0.63 (0.46; 0.7) 0.01
TGc 1.31 (0.83; 1.63) 1.55 (1.03; 2.43) 1.39 (1.00; 1.53) 0.01
RT of 3H-cholesterolc 20.5 (14.0; 30.0) 52.0 (30.0; 1515)a 35.0 (22.0; 70.0)c 0.019
RT of 14C-cholesteryl esterc 17.0 (12.0; 62.5) 36.0 (20.5; 1191)d 24.5 (16.5; 29.0)e 0.0029
aLDE, cholesterol-rich emulsion. Lowercase roman letters indicate: aP < 0.0001 vs. NL ; bP < 0.001 vs. NL; cP < 0.01 vs
NL; dP = 0.015 vs. NL; eP = 0.01 vs. RT of 14C-cholesteryl ester after simvastatin treatment.
bExpressed as mean ± SD.
cExpressed as medians (25%; 75%).



defective (17,20). In several studies, we have shown that the
radioactively labeled cholesteryl ester moiety of LDE behaves
like the labeled apo B of native LDL, although it is removed
faster from the plasma than apo B (2,4,5,27). In this respect, as
expected from apo B-labeled native LDL (13), the removal of
LDE cholesteryl esters was slower in patients with hypercho-
lesterolemia (4) and was accelerated in untreated patients with
acute myeloid leukemia (3) because of the LDL receptor up-
regulation existing in the neoplastic cells (28). Conversely,
after the disease remission achieved by chemotherapy, LDE re-
moval decreased because of destruction of the neoplastic cells
with receptor up-regulation (3). The LDE FCR negatively cor-
relates with age (27), which is expected for the native LDL par-
ticles, because LDL receptor expression indeed diminishes
with aging (29).

In FH, the removal of LDL from the plasma is slow, as had
been demonstrated by labeling LDL apo B with radioactive io-
dine or with stable isotopes (30,31). The slowed removal of
LDE cholesteryl ester had not yet been documented in het-
erozygous hypercholesterolemia, but we expect from our pre-
ceding studies with LDE that the impaired clearance of the
lipoprotein particles would lead to this effect (3,4,27).

There are substantial and well-known differences between
free and esterified cholesterol regarding the stability of the two

cholesterol forms in the lipoprotein structure (32,33). Free cho-
lesterol, which originates from both tissue and plasma lipopro-
teins, can be esterified in the lipoprotein surface monolayer,
mainly in HDL but to a lesser extent in β-lipoproteins, by the
action of LCAT. Cholesteryl esters are generally incorporated
into the lipoprotein core or transferred to other lipoproteins by
CETP but also by phospholipid transfer proteins (PLTP). Cho-
lesteryl esters can then be removed by the liver either directly
by VLDL and LDL binding to hepatic receptors or indirectly
by HDL in the reverse cholesterol transport. The esterification
of free cholesterol creates a concentration gradient that permits
the efflux of unesterified cholesterol from cells to HDL parti-
cles (34,35). Studies have shown that plasma cholesterol ester-
ification is augmented by increased TG levels and increased
LDL/HDL ratios (36,37). This concentration gradient seems to
be important even when actively mediated transport, such as
the one mediated by ATP-binding cassette transporter A1,
predominate (38). Despite this evidence, only a few studies
have evaluated the plasma cholesterol kinetics in human sub-
jects (15,16). A recent in vivo study showed that 70% of cho-
lesteryl esters are generated from free cholesterol in HDL and
30% in LDL, IDL, and VLDL (16).

Similar to native lipoproteins, esterified cholesterol makes
up the lipoprotein LDE core and shifts to other lipoprotein
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FIG. 1. Decay curves of the emulsion 3H-cholesterol (A) and 14C-cholesteryl ester (B) obtained
from subjects with familial hypercholesterolemia (FH) (n = 21) at baseline and after simva-
statin treatment (Simva), and from normolipidemic (NL) subjects (n = 22). Data expressed as
mean ± SEM.



classes by means of the transfer proteins CETP and PLTP
(2,33,34). In contrast, unesterified cholesterol, which is slightly
polar and is located in the lipoprotein surface monolayer, con-
stitutes a much more unstable plasma cholesterol pool (32). It
may freely diffuse from the lipoprotein or the microemulsion
to the plasma without the assistance of transfer proteins and
may eventually precipitate on the arterial wall. There is evi-
dence that not only cholesteryl esters but also unesterified cho-
lesterol are associated with atherosclerosis. Free cholesterol is
found in atherosclerotic plaques in both experimental animals
(39,40) and humans (41). Free cholesterol accumulation is a
potent inducer of macrophage apoptosis and secondary necro-
sis, a fact associated with plaque rupture and acute coronary
events (41). Also, free cholesterol in modified lipoproteins has
been associated with the inflammatory process of atherosclero-
sis (42). In fact, an increase in the content of unesterified cho-
lesterol of lipoproteins, expressed as an increased free choles-
terol/phospholipid ratio, has been found in subjects prone to
atherosclerosis (43), such as in persons with diabetes and pa-
tients with hyperbetalipoproteinemia, as well as in subjects
with CAD in a population study (44). An increase in unesteri-
fied cholesterol reduces the extent of cholesteryl ester transfer
from VLDL and LDL particles in a concentration-dependent
mechanism. Also, it stimulates the transfer of cholesteryl esters
out of the HDL particles, thus changing the reverse cholesterol
transport unfavorably. In these subjects, it was demonstrated
an increase in the influx of unesterified cholesterol from plasma
to cells (45,46).

In our recent study (14), we have shown that in CAD non-
hypercholesterolemic patients, the free cholesterol of LDE is
removed faster than in non-CAD subjects, whereas there is no
difference between CAD and non-CAD patients regarding the
removal of the LDE cholesteryl esters. This clearly indicates
that the two cholesterol forms initially contained in the same
lipoprotein or microemulsion particles can have distinct meta-
bolic behaviors in the intravascular compartment and be sepa-
rately involved in pathophysiological events. Indeed, the weak
correlation found in our study subjects between the RT of 3H-
cholesterol and 14C-cholesteryl ester supports the assumption
that after injection, both labels are metabolized through differ-
ent metabolic pathways. It is interesting that in hypercholes-
terolemic patients, the LDE free cholesterol tended to be re-
moved even slower than the cholesteryl esters, although the dif-
ference between the two labels was not statistically significant.
It is possible that the accumulation of LDL in patients facili-
tates the transfer of free cholesterol from LDE to the plasma
lipoproteins rather than that of the cholesteryl esters, which
also depend on transfer proteins (33). Because native circulat-
ing lipoproteins are removed slower than LDE, transfer to the
lipoprotein fractions is implied in delayed clearance (4,5).

Only very few studies have addressed the issue of in vivo
kinetics of the free and esterified forms of cholesterol contained
in LDL (15,16). Recently, the in vivo kinetics of both free and
esterified cholesterol contained in the LDL and HDL of bile
fistula, and in NL subjects as well as in one homozygous FH
subject were evaluated (16). The output of cholesteryl esters

from the plasma was similar to that of previous studies that
evaluated apo B kinetics, showing that cholesteryl esters are
removed from the plasma within the lipoprotein holoparticle.
This finding strengthens the validity of labeling LDE with cho-
lesteryl esters to trace the clearance of the microemulsion par-
ticles. Specifically, in the sole homozygous FH patient, the out-
put from the plasma of both free and esterified cholesterol in
LDL was reduced when compared with the NL and bile fistula
subjects. The results from this single patient with the most se-
vere presentation of the disease is in accordance with our pre-
sent data from heterozygous FH and contribute to other studies
in which LDL metabolism was evaluated by LDE kinetics
(3,4,27,47).

The introduction of more potent statins, such as atorvastatin,
has increased interest in using higher doses of the previous gen-
eration of statins—of which simvastatin has been the most
widely used—as well as interest in the mechanism of action of
these drugs in FH (48). Two mechanisms have been proposed
for the effects of statins on plasma lipids: (i) an increase in the
removal from the plasma of LDL and its precursors, and (ii) a
reduction of the hepatic production of VLDL. The first mecha-
nism has been demonstrated in kinetic studies with the labeling
of apo B-containing lipoproteins (12,49) and is reinforced by
the results of our study showing a faster removal of LDE after
high-dose simvastatin treatment in heterozygous FH patients.
The second mechanism was shown in studies with homozy-
gous and compound heterozygous FH patients, in whom recep-
tors are absent or nonfunctional and who presented reductions
of about 25% in LDL cholesterol levels with 80–160 mg of
simvastatin and 80 mg of atorvastatin (50,51). Treatment with
statins increases the removal from plasma of LDL particles, as
traced by labeled LDL apo B. Because LDE cholesteryl esters
behave like LDL apo B (2–4), the acceleration of removal from
plasma of this cholesterol form, as observed in this study,
would then be expected. Similar to the effects on LDE kinetics
found in this study, statin treatment increased the removal from
plasma of chylomicron-like emulsions in subjects with CAD
(9). A reduction in the plasma RT of LDL as well as chylomi-
crons, as shown by the artificial emulsions, implies that these
lipoproteins might become less prone to oxidation and there-
fore would become less atherogenic.

It is noteworthy that the effects of statin treatment on LDE
free cholesterol were less marked than in LDE cholesteryl es-
ters. This is probably because of the diminution of CETP that
occurs with statin use (52). LDE cholesteryl esters would be
less prone to transfer to the plasma native lipoproteins, which
are removed slowly in comparison with LDE, whereas the free
cholesterol would not be affected by the changes in CETP ac-
tion, since CETP does not influence free cholesterol shifts
among the lipoprotein particles (33). Another issue worth not-
ing in our results is the fact that we found a correlation between
the RT of the LDE free cholesterol and total and LDL choles-
terol, a correlation that did not exist regarding LDE cholesteryl
esters. In fact, this supports the assumption that the two forms
of cholesterol composing the structure of the same lipoprotein
particles may have different metabolic fates.
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One of the limitations of this and previous studies with LDE
(3,4,14,27,47) is that our analysis concentrated mainly on the
early and fast phase of radioisotope decay. This protocol de-
sign aimed to ensure patient comfort in view of the long blood
collection period. However, in this study there was an impor-
tant fall in the radioactivity of 14C-cholesteryl ester remaining
in the plasma at the 24-h point after simvastatin treatment. At
any rate, in future studies a greater number of blood samples
should be taken in the interval between 6 and 24 h to achieve a
better description of the late phase of the decay curve.
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ABSTRACT: Furan FA (F-acids) are tri- or tetrasubstituted furan
derivatives characterized by either a propyl or pentyl side chain
in one of the α-positions; the other is substituted by a straight
long-chain saturated acid with a carboxylic group at its end.
F-acids are generated in large amounts in algae, but they are also
produced by plants and microorganisms. Fish and other marine
organisms as well as mammals consume F-acids in their food and
incorporate them into phospholipids and cholesterol esters. F-
acids are catabolized to dibasic urofuran acids, which are ex-
creted in the urine. The biogenetic precursor of the most abun-
dant F-acid, F6, is linoleic acid. Methyl groups in the β-position
are derived from adenosylmethionine. Owing to the different
alkyl substituents, synthesis of F-acids requires multistep reac-
tions. F-acids react readily with peroxyl radicals to generate diox-
oenes. The radical-scavenging ability of F-acids may contribute
to the protective properties of fish and fish oil diets against mor-
tality from heart disease.

Paper no. L9447 in Lipids 40, 755–771 (August 2005).

Atherosclerosis (1,2) is a disease of the Western life style: Car-
diovascular diseases account for half of the mortality in coun-
tries where people live with a surplus of food, but atherosclero-
sis is rare where people suffer from starvation. Moreover, a
great number of animal and human experiments have revealed
that consumption of food rich in cholesterol and fat induces
atherosclerosis after a prolonged feeding period (3–8).

Nevertheless, despite their high consumption of fat and cho-
lesterol, atherosclerosis is less common in Greenlanders
(9–11), whose traditional diet is rich in fish and marine organ-
isms. Compared with other foods, the content of lipids in fish
is generally low, and the composition of the FA in the different
lipid classes is somewhat different from other animal-derived
food. Lipids of fish (12,13) and fish oils (14) are characterized
by a high content of n-3 PUFA, especially of EPA and DHA
(12). The connection between consumption of fish or ingestion
of fish oils and protection against coronary heart disease mor-
tality has been confirmed in several studies (15,16). Based on
the fact that fish and fish oils are rich in n-3 PUFA, it has been

deduced that ingestion of n-3 PUFA reduces the risk of death
from cardiovascular diseases and their consequences (17–21)
although some believe that an adequate explanation of this phe-
nomenon is missing (22).

Fish accumulate dietary-derived n-3 PUFA in large amounts
in their tissues as well as furan FA (F-acids) (23); the latter have
been shown to be scavengers of hydroxyl (24) and peroxyl radi-
cals (25). 

In this paper the occurrence, isolation, biosynthesis, synthe-
sis, and reactions of F-acids are reviewed, and deductions about
the possible protective properties of the presence of F-acids in
mammalian tissue and blood are presented. How the low
amounts of linoleic acid (LA) in fish fat may influence the level
of oxidized LDL in humans after fish consumption and how
they may contribute to the protective properties of a fish diet
against cardiovascular diseases are discussed.

STRUCTURES OF F-ACIDS

F-acids (furanoid FA) (23) are a large group of FA character-
ized by a furan ring, which carries in one α-position an un-
branched FA chain with 9, 11, or 13 carbon atoms and in the
other α-position a short straight-chain alkyl group with 3 or 5
carbon atoms. Either both β-positions of the furan ring are sub-
stituted by a methyl residue or else there is only a methyl group
in the β-position adjacent to the long aliphatic chain (Table 1).
The F-acids are numbered by indices according to increasing
GC elution times of their dimethyl esters (26) and the letter F.
The most common F-acid is F6, or 6 (see Fig. 4 below), a furan
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TABLE 1
Structures of the Most Abundant Furan FA

Number Compound m n R

1 F1 2 8 CH3
2 F2 4 8 H
3 F3 4 8 CH3
4 F4 2 10 CH3
5 F5 4 10 H
6 F6 4 10 CH3
7 F7 4 12 H
8 F8 4 12 CH3



FA with methyl groups in both β-positions, a pentyl residue in
one α-position, and a –(CH2)10–COOH residue in the other.

OCCURRENCE

F-acids were detected by Glass et al. (26) in the Northern pike
(Esox lucius). Shortly before, Kluytmans and Zandee (27) had
reported on an investigation of the lipids in the same fish, but
overlooked the high content of F-acids. In contrast to Glass et
al. (23), Kluytmans and Zandee (27) had determined only GC
retention times. Since F-acids and unsaturated FA with several
double bonds of the same chain length have similar retention
indices (26) this method is not adequate to distinguish between
these two groups of compounds. Thus, Kluytmans and Zandee
apparently attributed the peak of the most abundant F-acid, 6,
to 22:3n-3. In contrast, Glass et al. (26) used EI mass spectra,
which allow unequivocal distinction between F-acids and n-3
PUFA, for compound characterization in addition to determi-
nation of retention indices. Measuring retention indices is often
used as the only identification method, and this may be the rea-
son why most authors have overlooked the presence of F-acids. 

F-acids were found in a great number of freshwater (28,29)
and marine fish (29–35) (see Table 2), and some minor com-
pounds with variations in the chain length have been detected
(36). Morover, F-acids were found as constituents of cod liver
oil (29,36,37). F acids have been detected in invertebrates (38),
such as crustaceans (crayfish) (39–41), amphibians (bullfrog)
(40), and reptiles (turtle) (40).

F-acids with unusual highly unsaturated chains in α-posi-
tions were isolated from marine sponges (42). F-acids were
also found in marine bacteria (43–45), algae (46,47), plants
(48–50), yeast (49) and fungi (49), food fats such as butter (51)
and virgin olive oil (52), mammalian tissue (53), and blood in-

cluding that of humans (54–56). Thus, F-acids seem to be
widely distributed in all living matter.

The variations in the content of F-acids in the northern pike
during the year and their accumulation in large amounts in
testes and the liver of males in spawning times seemed to indi-
cate a correlation between F-acids and the fertilization process
(28). Subsequently, these increases in F-acids were correlated
with starvation (30). F-acids were detected in all fish tissues
examined (28) and in their blood (35). The best source for F-
acids was the liver (23,24).

F-acids occur in living cells, like all other FA, as esters, but
not in the free form. They are esterified to cholesterol in fish liver,
and are found in TG and phospholipids in lower concentration
(28). During starvation, the liver cholesterol esters become espe-
cially enriched in F-acids (29,30). In contrast, F-acids occur in
fish testes nearly exclusively in the TG fraction (28,32). They
are also predominantly esterified to glycerol in salmon roe (31).
In the flesh of fish they are enriched in the phospholipids frac-
tion (34) where they occur mainly in PC (31). Enrichment of F-
acids was also reported in the PC derived from muscle tissue of
crustaceae, such as crayfish (41) (see Table 2).

In liver tissue of mammals, F-acids are enriched in the cho-
lesterol ester and in the TG fraction (53), but in mammalian
(54) and human blood plasma (54) they are found mainly in the
choline and ethanolamine phospholipids (55). Thus, F-acids
are not equally distributed in the different organs in either fish
or mammals.

F-acids of plant origin occur mainly in phospholipids, where
they are predominantly localized in position 2 of the phospho-
lipids. They constitute about 7% of LA, the most abundant FA
in sugar cane cell cultures (50). 

The reported F-acids that lack methyl substituents (57) are
at least in part artifacts originating from lipid peroxidation
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TABLE 2
Occurrence of Furan FA in Different Organs and Blood of Lipid Fractions in Animalsa

Organism Organ/blood PL CLE TG References

Fish Liver — ++++ ++ 26,28–34
Fish Testes ++ ++ ++++ 23,26,28–34
Fish Ovaries — ++++ — 35
Fish Sperm — — — 35
Fish Egg — — — 35
Fish Roe ++ + — 31
Fish Muscle + ++++ — 26,33,34
Fish Blood — ++++ — 26
Crayfish Hepatopancreas + +++ + 39,40
Crayfish Muscle +++ + — 41
Sponges — ++ — 42
Beef Liver — + + 53
Beef Blood +++ + + 53
Humans Blood ++ + + 54–56
Plants Grasses, dandelion, olive 48–50,52
Plants Cell culture +++ + + 50
Algae 46,47
aPL, phospholipid, CLE, cholesterol ester. The symbols +, ++, +++, and ++++ indicate relative abundances of furan FA (F-
acids) in the different species. PL containing F-acids readily undergo oxidative decomposition during chromatographic sep-
aration on silica gel columns. Therefore, the absence of F-acids in the PL fraction may be due to complete decomposition
(31).



products of PUFA, such as epoxyoxoenes, which are generated
by grinding of tissue (see below) (58,59). These products will
not be discussed in this review, nor will the disubstituted F-
acids obtained by singlet oxygen oxidation of conjugated FA
(for a review see Ref. 60).

ISOLATION

As outlined later, F-acids—especially those with two β-methyl
substituents—can scavenge peroxyl radicals. These react with
F-acids to form dioxoenes (c.f., Fig. 10) (53,61) and further
degradation products thereof (62,63). Therefore, F-acids are
quantitatively degraded during homogenization of tissue in aque-
ous solution and escape detection if biological material is
processed in buffer solutions. Thus, F-acids were found only oc-
casionally when fish tissue was homogenized in organic solvents
(26). After isolation of the lipid fraction according to Folch et al.
(64) or Bligh and Dyer (65), lipids were separated by TLC into a
cholesteryl ester fraction, TG, and phospholipids. The esters
were transesterified with methanolic sodium methoxide solution
to form FAME (23,26) and investigated by GC–MS. Alterna-
tively, the lipid fraction was saponified with HCl or pancreatic
lipase and then methylated (26). To enrich the F-acid methyl es-
ters and to separate them from those of the straight-chain PUFA,
the methyl ester fraction was hydrogenated, leaving the F-acids
unchanged. The obtained saturated FAME were precipitated by
addition of urea (66). The supernatant containing F-acid methyl
esters (26,29) was separated from the crystals of the urea com-
plexes of the saturated FAME and subjected to separation by GC
in combination with MS (23). Since side reactions are inevitable
during hydrogenation with platinum as catalyst (23), hydrogena-
tion is sometimes avoided by subjecting the mixture of methyl
esters to urea precipitation followed by silver ion chromatogra-
phy, which allows separation of methyl esters of unsaturated FA
from F-acid methyl esters (23,29). These additional separation
steps are especially useful for detection of minor compounds in
the F-acid methyl ester fraction (30). F-acid methyl esters show
very characteristic mass spectra, which give complete structural
information (23). Similar isolation methods are applied to obtain

F-acids from mammalian tissue (61). To avoid the time-consum-
ing separation by urea precipitation, enrichment of F-acid methyl
esters can be achieved by hydrogenation of the furan rings with
a rhodium catalyst on alumina (67) to THF derivatives (54). The
latter can easily be separated from saturated and unsaturated
FAME owing to their high polarity. Application of multidimen-
sional GC (trapping fractions and analyzing these by using a sec-
ond gas chromatograph combined with a mass spectrometer reg-
istering characteristic ions) is nowadays applied for direct identi-
fication of F-acid methyl esters without prior separation from
straight-chain fatty acid methyl esters (56).

CATABOLISM OF F-ACIDS

In an investigation of FA excreted in human urine, a previously
unknown group of tetra-substituted dicarboxylic acids with a
furan ring was detected (68). The structures of the main repre-
sentatives of this group of compounds were recognized to be
3-carboxy-4-methyl-5-propyl-2-furopropanoic acid, 9, and 3-
carboxy-4-methyl-5-pentyl-2-furopropanoic acid, 10 (Fig. 1)
(69). These acids were also found in human blood (70). Later,
furan acids lacking the methyl substituent in position 4 of the
furan ring were detected in traces in human urine, too (71). Ex-
cretion of 10 was enriched three- to sixfold after consumption
of a fish diet (72).

Interestingly, the metabolism of F-acids differs considerably
in various mammals. The long carboxylic acid α-side chain is
degraded stepwise in all mammals to 3 carbon atoms. Addi-
tionally, in humans (73) the methyl group adjacent to this side
chain is transformed to a carboxylic acid group, whereas in rats
(74) and cattle (75) both α-side chains are preferentially oxi-
dized (Fig. 1). An F-acid with a short carboxylic acid side
chain, detected in soft corals, probably represents a degrada-
tion product of larger molecules (76).

Compounds 9 and 10 are enriched in plasma of patients with
chronic renal failure (77). Although F-acids with a pentyl side
chain usually are more abundant in the liver, the concentration
of the degradation product with a propyl side chain, 9, greatly
exceeds that with a pentyl side chain, 10, in plasma of subjects
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suffering from chronic renal failure. Since 9 inhibits the hepatic
glutathione S-transferase, its enrichment in uremic serum has
been connected to the toxic properties of uremic plasma (78).
Removal of 9 by conventional hemodialysis is difficult owing to
its strong binding to plasma protein (78–80). This property also
interferes with the binding of drugs to albumin (81,82). The com-
petitive binding of 9 alters the excretion of various drugs, drug
conjugates, and other organic acids (83). Further investigations
revealed that only free 9 is ultrafiltered in the glomeruli and then
excreted in the urine (84); 9 is an inhibitor of mitochondrial res-
piration (85) and erythropoiesis and thus may contribute to ane-
mia in renal failure (86). It also decreases the bilirubin-binding
capacity (87) and has been hypothesized to be related to neuro-
logical abnormalities in uremia (88). Moreover, 9 inhibits prolif-
eration of cultured human T-lymphocytes (89). Efforts to reduce
9 in serum by continuous ambulatory peritoneal analysis were
partly successful (86). Several procedures were elaborated to de-
termine 9 by HPLC methods (82,90–92) or by immunoassay
(93). By applying these sensitive methods, 9 can be determined
even in hair and sweat (94). 

BIOSYNTHESIS

Originally, it was believed that F-acids are generated in fish (23).
Feeding 14C-labeled acetate to fish revealed that the acetate is in-
corporated into the carboxylic side chain by chain elongation.
Chain shortening of the carboxylic side chain also was observed,
but acetate was incorporated neither into the furan ring nor into
the alkyl side chain (95), an indication that fish synthesize nei-
ther the alkyl side chain nor the furan ring of F-acids.

It is much easier to perform feeding experiments with rats
to collect urine samples than with fish. Analysis of the rats’ liv-
ers indicated the presence of F-acids. In order to prove the hy-
pothesis that F-acids are derived from linoleic acid, a homolog
of linoleic acid was fed to rats, but no homologous F-acids
could be detected in their livers. As a consequence it was as-
sumed that F-acids may be derived from rat food (96). This as-
sumption was confirmed later by an investigation of plants
(49). All investigated plants and algae (the final source of fish
food) contained F-acids. In contrast, early hints that 2,5-disub-
stituted alkylfurans are transformed by incubation with liver
homogenates (97) could not be reproduced. The observation
that F-acids are generated in plants allowed further studies in
cell cultures by feeding labeled compounds. It was thus recog-
nized that plants synthesize the basic skeleton of F-acids from
acetate (98). The methyl groups in the β-position of the furan
ring originate from methionine (99,100), and the furan oxygen
is derived from air (101). Originally, it was assumed that LA
(12) was the precursor of the carbon skeleton of F-acids having
a pentyl side chain by generation of a hydroperoxide in posi-
tion 13, whereas F-acids with a propyl side chain were hypo-
thesized to be derived from a hydroperoxide in position 12 of
linolenic acid (47). Investigation of algal cell cultures proved
that F-acids with a pentyl side chain originate from 12 but that
F-acids with a propyl side chain are not derived from linolenic
acid. Instead, they are generated from 9,12-hexadecadienoic

acid 13 (47). The peroxidation is initiated apparently by an un-
usual lipoxygenase (LOX) that counts—in contrast to most oth-
ers—starting from the carboxylic end of the unsaturated FA
(47) (Fig. 2).

The F-acids that primarily are generated are elongated by
acetate units to higher homologs.

On the basis of the intermediates that were isolated—but
without labeling experiments—it was proposed that in marine
bacteria living in fish, F-acids are generated in a different way,
starting by introduction of a methyl group into cis-vaccenic
acid, 20, followed by incorporation of a second double bond.
The generated diunsaturated FA is assumed to react with oxy-
gen, followed by ring closure to an F-acid (44) (Fig. 3).

CHEMICAL SYNTHESIS OF F-ACIDS

F-acids represent tri- or tetra-substituted furan derivatives.
Their synthesis therefore requires several steps. Originally, 6
was prepared by starting from 3,4-bis(acetoxymethyl)furan, 23,
which was condensed with pentanoic acid anhydride to its
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butylketone 24, which was then transformed by reduction with
hydrazine to the pentylfuran derivative 25. The hydroxy groups
of the latter were exchanged by chlorine. The resultant dichloro
derivative 26 was subsequently reduced with LiAlH4 to 3,4-di-
methyl-2-pentylfuran, 27. Introduction of the fourth substituent
was achieved after treatment with BuLi by reaction with 1-
chloro-10-iododecane. The resulting product 28 was finally
converted by exchange of the chlorine to the Li-compound that
was reacted with CO2 to the F-acid 6 (102) (Fig. 4).

The difficult introduction and conversion of the carboxylic
acid side chain is facilitated by using the acid chloride of the
half ester derived from undecanedioic acid for condensation
with 3,4-dimethy-2-pentylfuran, 27, by catalysis with SnCl4 to

29, followed by removal of the carbonyl function in a
Wolff–Kishner reaction leading to 6 (61) (Fig. 5).

The key intermediate, 3,4-dimethyl-2-pentylfuran, 27, is
synthesized (103) by starting from 2,3-dimethyl-2-buten-4-
olide 30, which is reacted with pentylmagnesium bromide in
ether to form the condensation product 31. The latter is readily
transformed without isolation by treatment with 2 N sulfuric
acid to 3,4-dimethyl-2-pentylfuran, 27 (Fig.  6).

The lactone 30 is obtained by LiAlH4 reduction of 2,3-di-
methylmaleic acid anhydride, prepared by methylation of maleic
acid anhydride by thermal decomposition of acetic acid (provid-
ing methyl radicals) in the presence of 2-aminopyridine (104) or
by cyclization of 4-chloro-3-hydroxy-2,3-dimethylbutanoic acid
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FIG. 3. Proposed biosynthesis of F-acids in marine bacteria.

FIG. 4. Synthesis of F6, 6.



methyl ester in presence of methoxide (103). The trisubstituted
F-acid 5 was prepared by starting from 3-methyl 2-methylfuroate
32. The pentyl side chain in position 5 of the furan ring was in-
troduced in a manner similar to the route presented in Figure 5
by reaction with valeric acid anhydride and reduction of the re-
sulting ketone, 33, with hydrazine. The obtained acid, 34, was
decarboxylated to 4-methyl-2-pentylfuran, 35. The introduction
of the second α-side chain to 5 was performed as outlined for F6
(102) (Fig. 7).

F6 labeled in the carboxylic group with 14C, 6a, was pre-
pared, starting from 3,4-dimethyl-5-pentylfuran, 27, by intro-
duction of an aldehydic group into the second α-position by a
Vilsmeyer reaction to 37, followed by a Wittig reaction to 38,
hydrogenation of the double bond in the side chain to 6a, and
an Arndt–Eistert reaction with 14CH2N2 (Fig. 8) (105).

The rather moderate yield from these multistep reactions is
considerably improved by a synthesis that takes advantage of

the different reactivities of bromine substituents at the furan
ring. 4,5-Dibromofurfural, 39, reacts in a Pd(0)-catalyzed reac-
tion with 10-undecynoic acid benzyl ester by selective coupling
in position 2 to 40. The aldehydic group in 40 is subjected to a
Wittig reaction. The bromine atom of the obtained product 41
is then exchanged by a methyl group by treatment with
MeZnCl under catalysis of PdCl2(PPh3)2 to the unsaturated
benzyl ester 42, which is transformed in one step by reduction
with Pd(OH)2 to 5 (106) (Fig. 9).

The 3,4-unsubstituted F-acids are available by epoxidation
of both double bonds in LA, followed by treatment with NaI
and propyliodide in dimethylsulfoxide (107).

3,4-Dimethyl-substituted F-acid esters are available starting
from 3-methyl F-acids (present in latex rubber plants) by open-
ing of the furan ring with acid to a dioxo ester, followed by
methylation with methyl iodide/KOH in dimethylsulfoxide and
cyclodehydration with BF3 in methanol (107).

REACTIONS OF F-ACIDS

Like α,α-aryl-substituted furans, α,α-alkyl-substituted F-acids
3 undergo oxidation by ring opening (61,62) to form dioxoenes
43 (Fig. 10), which have been shown to inhibit blood platelet
aggregation in vitro, albeit at high concentrations (108).

Investigation of the mechanism of this reaction showed that
the oxidation is not restricted, as assumed originally, to singlet
oxygen (109) but is common to radical-generating agents, such
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FIG. 5. Alternative route from 3,4-dimethyl-2-pentylfuran 27 to F6, 6.

FIG. 6. Generation of the starting material for the synthesis of 3,4-di-
methyl-2-pentylfuran 27.

FIG. 7. Synthesis of F5, 5.



as the Fenton reagent (Fe2+ + LO-OH → Fe3+ +OH− +LO•),
hypochlorous acid, or lipid hydroperoxides (110). It was there-
fore unexpected that this reaction was induced not only by rad-
ical-producing oxidizing chemical reagents but also by LOX.
This reaction required the presence of LA as co-substrate. Free
iron ions react extremely easily with lipid hydroperoxide
(LOOH) molecules in the Fenton reaction. Nevertheless, iron
ions are used extensively as catalysts for enzymatic redox re-
actions in nature, for instance in LOX. In order to avoid the
Fenton reaction, metal ions are shielded in redox enzymes by
complexation. Thus in LOX any contact with released LOOH
molecules is prevented. It was therefore suspected (112) from
the experiment illustrated in Figure 10 that iron ions were made

available for catalysis by alteration of LOX to induce nonenzy-
matic lipid peroxidation (LPO) reactions. This was clarified by
model reactions using plant LOX (112): When soybean LOX-
1 (requiring free PUFA for generation of LOOH molecules)
was added to F-acid esters, these remained unchanged. Like-
wise no oxidation products of F-acids were generated if F-acid
esters were incubated with pure LA, but if LA was added to the
solution of soybean LOX-1, and F-acid esters, dioxoenes were
produced (Fig. 10). This demonstrates involvement of radicals.
Radicals are formed in a Fenton reaction requiring bivalent
metal ions (113). The only available metal ions in this experi-
ment are those in LOX. Moreover, it has been demonstrated that
LOX is inactivated if it is exposed to high amounts of substrate
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FIG. 8. Synthesis of 14C labelled F3 3a. Reagents for the Vilsmeyer reaction: POCl3, dimethyl-
formamide, reagents for the Wittig reaction: triphenylphosphine, 7-iodoheptanoic acid methyl
ester.

FIG. 9. Alternative synthesis of F5, 5.

FIG. 10. Transformation of F-acids to dioxoenes 43.



(114,115), which is certainly present if free LA is used as start-
ing material as in the experiment just described. Thus, LOOH
molecules were cleaved in the course of the reaction to alkoxyl
radicals (116). These added to either position 2 or 5 of the furan
ring of an F-acid, forming an intermediate, 44, that undergoes
ring opening to a mesomeric radical 45 of high stability. Conse-
quently, it is much less reactive than a peroxyl or alkoxy radical.
This property enhances its lifetime and enables it to trap a sec-
ond radical, such as an alkoxy radical, generating a ketal, 46.
Thus, a stable molecule is generated and two radicals are re-
moved in the course of the reaction (Fig. 11). 

Ultimately, the ketal 46 undergoes hydrolysis to a dioxoene
43. The catalytic availability of iron ions after alteration of
LOX, which has not been taken into account previously, repre-
sents an alternative route to the well-known biological sources
of iron ions, such as the heme present in blood or ferritin, as
discussed by Welch et al. (117). The generation of free radicals
by LOX iron ions could take place in tissues in which LOX en-
zymes have been expressed.

The idea that iron ions derived from inactivated oxygenase
enzymes might be involved in the induction of radical reactions
is further supported by considering that a single iron ion theoret-
ically is able to start a radical chain reaction. In addition, the iron
ion now made available to catalyze radical formation should be
close to the generated LOOH molecule so as to avoid interrup-
tion of the Fenton reaction, for instance by reduction of LOOH
to LOH molecules.

Alkoxy radicals attack double allylic activated hydrogens not
only of free PUFA, as most LOX do (113), but also of PUFA
bound to phospholipids 47 (118) or to cholesterol (118). Alkyl
radicals 48 thus generated react with oxygen to form peroxyl rad-
icals 49 (Fig. 12).

The reactivity of peroxyl radicals considerably exceeds that
of LOOH or H2O2. For instance, LOO•• radicals react with sec-
ondary alcohol groups by oxidation to carbonyl compounds, as
exemplified by oxidation of hydroxy acids to oxo acids (118);
with thioethers, such as methionine, to sulfoxides (118); with

amino acids containing a primary amino group, such as lysine,
by oxidation to an aldehydic group (118); and with compounds
containing double bonds, such as cholesterol (118) and linoleic
acid, linolenic acid (119), or oleic acid (OA) (120) to their
epoxides. Many of these products are toxic (121,122) or un-
dergo transformation to toxic products (123). Thus, peroxyl
radicals, generated in the reaction path outlined in Fig. 12, are
a major source of cell-damaging processes.

Preferred substrates for the attack of peroxyl radicals are ap-
parently F-acids, as reflected, for instance, by the observation
that F-acids are not detectable after tissue has been homoge-
nized, whereas they are found in plants (40) and tissues of ani-
mals (61) if homogenization is carried out after samples have
been boiled or worked up with an organic solvent. Since boil-
ing destroys enzymes, and workup in organic solvents usually
prevents enzyme activity, as demonstrated long ago in the pro-
cessing of plant tissues (124), the oxidation reaction is con-
cluded to be induced by an enzymatic reaction (125). Appar-
ently any change in membrane structure, inevitably caused by
cell-damaging processes (homogenization), alters also proteins
of cell channels combined with influx of Ca2+ions into the cell
(126); Ca2+ ions activate many phospholipases. These generate
free PUFA from phospholipids, which serve as substrates for
oxygenases. Inactivation of such enzymes by an accumulation
of large amounts of free PUFA may be associated with altered
binding activities of iron ions (114,115) and switches the con-
trolled enzymatic LPO to uncontrolled nonenzymatic LPO, re-
sulting in production of peroxyl radicals as already discussed.

Peroxyl radicals attack F-acids by ring opening to dioxoenes
43 (61,62,127) (Fig. 10). F-acids occur in some tissues in form
of phospholipids (54). These naturally occurring tetra-alkyl-sub-
stituted furan derivatives are prone to oxidation (25,128) by per-
oxyl radicals, as already mentioned (127). Therefore, F-acids
may serve in nature as antioxidants (128) as also suggested by
electron spin resonance investigations (24).

Diet-derived F-acids are incorporated into the tissue and
blood of mammals, especially into phospholipids (54, 55)
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where they partly substitute for PUFA. As a consequence, they
are localized exactly at sites where LPO reactions occur in ather-
osclerosis and where they are needed to trap radicals. This might
increase their value as radical scavengers in comparison with
other radical-scavenging compounds, such as tocopherols.

The ring-opening reaction of F-acids to dioxoenes different
in α,α,β,β-tetra-alkyl-substituted furans compared with α,α-
di-alkyl-substituted furans. The latter are rearranged to rather
stable trans dioxoenes. This rearrangement is inhibited in tetra-
alkyl-substituted furans such as 3; the products 43 remain in
the cis form (127). In alkaline solution this isomer undergoes
an intramolecular aldol condensation to the cyclopentenolones
50 and 51 (61) (Fig. 13).

Cyclopentenolones 50 and 51 are detectable after ho-
mogenation of tissue in aqueous solvents (61,129). Dioxoenes
generated as intermediates, such as 52, add nucleophiles (62)
such as water or thiols (62), e.g., glutathione. The addition
products are able to react further by ring closure forming a-sub-
stituted F-acids (Fig. 14). These can either undergo a second
oxidative ring opening, followed by addition of a second nu-
cleophile and a second ring closure reaction (62), or react by
loss of the substituent by formation of derivatives with an α,β-
double bond (Fig. 14). As a consequence, all of these different
artifacts, such as 53–56, are detectable after processing biolog-
ical materials.

The preferential oxidation of F-acids by peroxyl radicals,
compared with attack on PUFA, becomes evident following in-

vestigation of plant (124) or animal tissue samples (130,131).
After homogenization in aqueous solution, F-acids are com-
pletely missing, whereas the content of PUFA remains largely
unchanged (61).

The great tendency of F-acids to undergo oxidation suggests
that plants and algae can use these compounds as radical scav-
engers to defend against the deleterious effect of UV radiation.
To remove radiation-induced radicals, plants and algae are as-
sumed to generate F-acids and incorporate them into PC (50).
Thus, for instance, antioxidant activity in soybean PC lipo-
somes is recognized (128). The potency of F-acids as scav-
engers of, for example, hydroxyl radicals (24) is further exem-
plified by the findings that they suppress hemolysis better than
other quenchers of singlet oxygen, such as dimethylfuran, α-
tocopherol, ascorbic acid, or uric acid (24).

All these deductions are corroborated by the observation that
the content of F-acids in plants increases from nearly zero at the
beginning of leaf growth to maximal values in July in the North-
ern Hemisphere and then remains constant till the end of the veg-
etation period (Schulz, D., and Spiteller, G. unpublished data).

Phospholipids represent the outermost layer of cells and are
therefore exposed first to the attack of microorganisms. This
mechanical injury induces a reaction cascade, leading to gener-
ation of radicals as already outlined. The defence processes
should end once the invader is destroyed. F-acids incorporated
in cell membranes seem to contribute to stop the progress of
LPO reactions after a successful defense against the invaders.
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Drying of plant material is connected with LPO processes
(132) that generate peroxyl radicals that oxidize F-acids. Some
of the oxidative degradation products of F-acids generated by
plant injury are characterized by a typical smell. For instance,
3-methyl-2,4-nonanedione is responsible for the hay-like scent
of dried spinach (133).

In contrast to F-acids, urofuran acids, their biological oxida-
tion products, are rather stable to further oxidation. Neverthe-
less, they also undergo oxidative ring opening when treated
with powerful oxidizing agents, such as hypochlorous acid
(134).

ARE F-ACIDS INVOLVED IN PROTECTION AGAINST
CARDIOVASCULAR DISEASES?

As pointed out in the introduction, a diet rich in marine food
(9,10,15) or fish oil (16, 135–138) was protective against car-
diovascular diseases. It lowers the amount of TG in LDL
(135,139,140) and—most importantly—decreases the risk of
sudden heart death in patients (136,137) apparently closely re-
lated with a reduction of Ca2+ ion release from cell stores
(137,141). Fish oils are thought to increase slightly the HDL
level (135,142) and to reduce the level of the VLDL. Since fish
are rich in n-3 PUFA, the protective properties of fish con-
sumption have been ascribed to these n-3 PUFA (17,18). These
deductions do not consider the possibility that minor natural
products might have much greater physiological effects than
the major constituents and that n-3 PUFA, like all other PUFA,
readily undergo lipid peroxidation, while saturated and mo-
nounsaturated FA remain unaffected.

The increase in susceptibility of LDL to oxidation by an ex-
change of saturated FA and OA vs. more highly unsaturated
PUFA has been experimentally confirmed (143–145). In con-
firmation, an increase in LPO products was found after n-3 FA
were incorporated into plasma and tissue (146). Thus, a fish
diet is expected to produce an increase in atherogenic effects,
not a decrease, as observed. In fact, some reports claim an in-
crease in the oxidizability of LDL after consumption of fish oil
(147).

These controversial observations and deductions require a
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FIG. 13. Generation of cyclopentenolones 50 and 51 by reaction of
dioxoenes with alkali.

FIG. 14. Generation of α-substituted F-acids and their dehydration products.



short discussion about the present knowledge about atherogen-
esis.

Atherosclerosis (1,2,148) is related to the oxidation of LDL
(149–151). Oxidized LDL induces apoptosis of cells (152,153),
raising the question of which oxidation products might cause
these effects.

LDL is a macromolecule composed of a core of cholesterol
esters and a phospholipid membrane in which a protein is em-
bedded (148). The latter is recognized by the LDL receptor of
the endothelium (148).

PUFA are incorporated into the phospholipid membrane of
LDL and into its cholesterol ester-containing core. Compared
with all other constituents of LDL, PUFA show the highest sen-
sitivity to oxidation by molecular oxygen. This sensitivity be-
comes evident by storage of fat that contains PUFA, resulting
in rancidity (154), or by storage of blood plasma that develops
atherogenic modifications (155). Likewise, wounding of plant
(124) and animal (130,131) tissue is associated with LPO.
Therefore, partly oxidized phospholipids are detected after ar-
tificial oxidation of LDL (156), after addition of activated
human monocytes (157) (corresponding interactions influence
the membrane structure), or after storage (155,158). Hydroly-
sis of such oxidized LDL allows quantification of the different
oxidized PUFA products by flow injection electrospray ioniza-
tion MS (158) or, after saponification, by GC–MS. The latter
method revealed that the main oxidation products are derived
from LA (159–161), which represents the most abundant
PUFA in LDL of people consuming a Western-type diet (148).
Compared with LA, arachidonic acid (AA) is present in LDL
in much smaller amounts (AA/LA = 1:5). The content of n-3
PUFA is much lower. The most abundant n-6 PUFA in people
consuming a Western diet is LA, representing about 20–30%
of the total amount of FA in LDL (159).

The content of FA in LDL is strongly dependent on the FA
composition of the food consumed, as exemplified by feeding
an OA-rich diet to rabbits (162) or humans (144), which
changed the LDL fatty composition in favor of OA. Likewise,
the content of FA in wild-living fish varies with season and
with living conditions. For instance, in starving fish, the con-
tent of F-acids increases in the liver cholesterol ester fraction
(29). 

FA of fish tissue can be distinguished from those of mam-
malian tissue by the presence of larger amounts of long-chain
highly unsaturated n-3 PUFA. EPA amounts in fish are between
7 and 10%, and DHA is between 20 and 40% of the total FA
content, depending on the kind of fish and the investigated
organ (12–14).

Since the nutritional sources of fats strongly influence the
composition of blood fats, it is not surprising that the contents
of EPA and DHA in the blood plasma of Greenlanders (9),
whose main nutritional source is marine organisms, are much
higher than those of people consuming a Western diet, although
they are still not a major fraction: EPA is present on the aver-
age in the phospholipid and TG fraction to a maximum of 8%,
whereas it accumulates in the cholesterol ester fraction to 15%
of the total FA content. DHA amounts to values not exceeding

3–4% in all three lipid classes (phospholipids, TG, and choles-
terol esters) (10) although DHA is more abundant in most fish
than EPA. The presence of relatively large amounts of n-3 FA
was assumed to be responsible to the beneficial properties of a
fish diet (10).

n-3 PUFA, like n-6 PUFA, possess one or more –CH=CH-
CH2-CH=CH– groups, the prerequisite to undergo a nonenzy-
matically induced LPO process. Therefore, n-3 PUFA are not
distinguished in their capacity to be attacked by radicals, and
both classes of PUFA are subjected equally to radical induced
LPO reactions. Consequently, the reason for the beneficial
properties of a fish diet cannot be a suppresion of LPO reac-
tions.

Owing to the low content of n-3 PUFA in LDL of people
living on a Western-style diet (the most abundant n-3 FA, lino-
lenic acid, is present in an amount less than 2%), the contribu-
tion of n-3 PUFA to oxidation products of LDL is extremely
low. In contrast, the relatively high level of n-3 PUFA in the
blood of Greenlanders should contribute to their LPO. Degra-
dation of LPO products of AA and LA produces nearly identi-
cal toxic products, such as 2,4-decadienal (123), 4-hydrox-
ynonenal (163,166), or epoxyenoic acids (122). Because LA is
much more abundant than AA in LDL, more toxic products are
derived by LPO of LA than by AA.

Since n-3 PUFA (164) decompose in nonenzymatic LPO re-
actions in an analogous manner to n-6 PUFA (165), no change
in the production of toxic compounds (166) in bulk-phase re-
actions is expected by exchange of n-6 PUFA with n-3 PUFA.
Nevertheless, consumption of fish or fish oil does decrease the
rate of LDL oxidation (147,167). This observation was corrob-
orated by feeding volunteers a fish oil supplement, which
caused enrichment of their LDL with EPA and DHA. This LDL
proved more stable against ex vivo oxidation and less able to
induce apoptosis in U 937 cells (168) (a characteristic behavior
of atherosclerotic cells) than LDL enriched with LA (169).

This puzzling effect has been explained by arguing that the
beneficial effects of food rich in EPA and DHA, which are in-
corporated in increased amounts into phospholipids with re-
spect to AA, decrease the generation of thromboxane (TX) A2,
which causes platelet aggregation and increases prostacyclin
activity (170), thus reducing the risk of atherogenesis. The hy-
pothesis that altering the AA/EPA/DHA relation by consump-
tion of a fish diet reduces the AA amount and therefore TX pro-
duction does not consider that production of TX is an enzy-
matic and therefore a physiological process. In contrast, the
reactions devastating cells in cardiovascular diseases seem to
be induced by radicals. The change in the AA/EPA/DHA rela-
tion does not necessarily influence the generation of radicals,
since all PUFA are equally able to induce generation of radi-
cals. A decrease in radicals can be achieved only by radical
scavengers. Therefore, it seems reasonable to assume that the
presence of other components in a diet rich in fish or fish oil, or
other factors not taken into account previously, might be re-
sponsible for the observed reduction of LDL oxidation, as has
been already suggested (171). This assumption is further cor-
roborated by the observation that the amount of propylurofu-
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ran acids increased by a factor of 3–6 after consumption of a
fish oil diet (72). Since urofuran acids are degradation products
of F-acids, this indicates that fish oils are abundant sources of
F-acids.

Although F-acids occur in fish only in amounts of around
1% (29,36) they might reduce the oxidation of LDL to a con-
siderable extent because they serve as potential radical scav-
engers (24) and inhibit progression of nonenzymatic lipid per-
oxidation reactions (172). And because radicals induce a chain
reaction, the amount of F-acids may be sufficient to suppress
LDL oxidation. 

Although the content of F-acids in fish and fish oils could
explain the positive effects of a fish diet, similar effects were
reported from fish oils in which n-3 PUFA were enriched. Dur-
ing n-3 PUFA enrichment, at least a reduction in F-acid con-
tents might be expected. But separation of F-acids from other
FA is very difficult and requires special workup procedures
(66). Such procedures are not used in preparing fish oil supple-
ments. Therefore, F-acids might remain during the enrichment
procedure (36). 

F-acids are mainly incorporated into phospholipids of blood
plasma (54), which is in intimate contact with the surface of
endothelial cells where oxidation of LDL occurs (172). Thus,
the scavenger molecules (F-acids) are incorporated exactly at
the sites where they can prevent lipid oxidation most effec-
tively. Consequently, F-acids may contribute to the protective
properties of a fish or fish oil diet. The suggestion that F-acids
are effective antioxidants is further corroborated by the obser-
vation that phospholipids of eggs from marine salmon with-
stand lipid peroxidation induced by copper ions much better
than do phospholipids of chicken eggs (174). Moreover, it can
be assumed that the polar F-acids are more easily in contact
with the polar hydroperoxides than with less polar FA esters,
as shown by investigations of oil-in-water emulsions
(174–176).

DOES THE REDUCTION IN TOTAL PUFA
CONTRIBUTE TO THE PROTECTIVE
PROPERTIES OF A FISH DIET? 

As pointed out earlier, Dyerberg et al. (10) compared plasma
samples obtained from Greenlanders living nearly exclusively
on a marine diet with those of Danes living on a typical West-
ern diet. They noted a substantial increase of EPA and DHA in
LDL of Greenlanders compared with LDL of Danes. But the
reported FA content also indicates a considerably increased
PUFA concentration in all three lipid classes (phospholipids,
cholesterol esters, and TG) in Danes compared with Greenlan-
ders. In the phospholipids located at the outer surface of the
LDL particle, where lipids are especially exposed to oxidation,
the PUFA content exceeds that of saturated and monounsatu-
rated FA by more than twofold; in the cholesterol esters repre-
senting the core compounds by one-third; and in the less im-
portant class of TG by about 20% (10). Considering that only
PUFA are subjected to lipid peroxidation, this means a reduc-
tion in the overall likelihood of generating toxic LPO products

in LDL of Greenlanders compared with people living on a
Western-style diet.

As shown in many experiments, the plasma FA content re-
flects with few exceptions (one is the content of DHA) the con-
tent of FA consumed in the diet (144,162). Apparently, AA
may be substituted by EPA, as recognized from the fact that the
amount of AA in the phospholipids of Danes corresponds
nearly exactly to the amount of EPA in that of Greenlanders
(10). 

Although it has been assumed that EPA and DHA are more
prone to oxidation compared with n-6 PUFA, which have a
lower number of double bonds (161), this deduction may not
relate to biological processes because it is based on model re-
actions with mixtures of pure PUFA carried out by adding an
excess of catalytic bivalent metal ions (177). In biological ma-
terial, such an excess of metal ions is never produced, since de-
composition of iron-containing proteins—which allows iron
ions to become available for peroxidation catalysis—is a rela-
tively rare event, except if massive mechanical destruction of
tissue is performed, for instance by homogenization (131). As
a consequence, the total amount of PUFA in LDL combined
with the ability to remove generated peroxyl radicals may de-
termine their transformation rate to toxic compounds. 

The increase in saturated and monounsaturated FA in
plasma of Greenlanders compared with Danes and their de-
creased incidence of atherogenesis is in contradiction to the
statement that ingestion of food rich in saturated FA increases
the atherogenic risk (3,7,8). Saturated and monounsaturated FA
withstand oxidation; thus these acids are not attacked by LPO,
as shown by artificial oxidation of LDL or during storage (159).
Although monounsaturated FA are less stable to LPO than sat-
urated ones, they are much less prone to undergo LPO com-
pared with PUFA, as proven experimentally by LDL oxidation
(159). Therefore, only PUFA are significantly subjected to LPO
in LDL, at least in vitro. 

The comparison of the nutrition of Greenlanders and Danes
on the basis of their blood concentrations of FA indicates that
there are more than twice as many PUFA molecules in the
phospholipid fraction of Danes compared with that of Green-
landers (10) and perhaps this—besides the content of F-acids—
could be responsible for the fact that Greenlanders were less
affected in the past to atheroclerosis.

CONCLUSION

F-acids seem to be distributed in all mammals, plants, and
algae, where they apparently play an important role in scav-
enging radicals and contribute to inhibiting the progression of
nonenzymatic LPO reactions. F-acids are accumulated in fish,
fish products, and other marine organisms. F-acids are also pre-
sent in plants, although in lower amounts. F-acids are intro-
duced into the body through the diet. This may be one reason
why fish consumption reduces the risk of atherogenesis and its
eventual complications.

A fish diet has an additional effect: Although it increases the
content of n-3 PUFA in tissue and blood, it reduces the total
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amount of PUFA in the phospholipid fraction of plasma in
favor of saturated and monounsaturated FA in LDL, which
withstand oxidation. Since all PUFA are susceptible to LPO,
the reduction of the total amount of PUFA in LDL—besides
the content of F-acids—might be a second reason for the pro-
tective properties of a fish diet.
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ABSTRACT: The lipid profiles of cotton fiber cells were deter-
mined from total lipid extracts of elongating and maturing cotton
fiber cells to see whether the membrane lipid composition
changed during the phases of rapid cell elongation or secondary
cell wall thickening. Total FA content was highest or increased
during elongation and was lower or decreased thereafter, likely
reflecting the assembly of the expanding cell membranes during
elongation and the shift to membrane maintenance (and increase
in secondary cell wall content) in maturing fibers. Analysis of lipid
extracts by electrospray ionization and tandem MS (ESI-MS/MS)
revealed that in elongating fiber cells (7–10 d post-anthesis), the
polar lipids—PC, PE, PI, PA, phosphatidylglycerol, monogalacto-
syldiacylglycerol, digalactosyldiacylglycerol, and phosphatidyl-
glycerol—were most abundant. These same glycerolipids were
found in similar proportions in maturing fiber cells (21 dpa). De-
tailed molecular species profiles were determined by ESI-MS/MS
for all glycerolipid classes, and ESI-MS/MS results were consistent
with lipid profiles determined by HPLC and ELSD. The predomi-
nant molecular species of PC, PE, PI, and PA was 34:3 (16:0, 18:3),
but 36:6 (18:3,18:3) also was prevalent. Total FA analysis of cot-
ton lipids confirmed that indeed linolenic (18:3) and palmitic
(16:0) acids were the most abundant FA in these cell types. Bioin-
formatics data were mined from cotton fiber expressed sequence
tag databases in an attempt to reconcile expression of lipid meta-
bolic enzymes with lipid metabolite data. Together, these data
form a foundation for future studies of the functional contribution
of lipid metabolism to the development of this unusual and eco-
nomically important cell type.

Paper no. L9784 in Lipids 40, 773–785 (August 2005).

Cotton fibers are trichomes that arise from the differentiation
of ovular epidermal cells near or on the day of anthesis (1). De-
velopment of these cells progresses through stages of elonga-
tion and secondary wall deposition forming extremely long sin-
gle cells, over an inch (2.5 cm) long (2), during a period of
about 25 d. This period of rapid cellular elongation requires
substantial synthesis of macromolecules, including lipids nec-
essary for the developing vacuoles and plasma membranes.
The major research focus on cotton fiber development histori-
cally has been on cellulose synthesis, which accounts for the
bulk of the mass of mature fiber cells; however lipid metabo-
lism is likely to be an important factor in the development of
cotton fibers, and this subject has received little attention.

Electron microscopy studies have shown that fiber initiation
occurs near or on the day of anthesis, as fibers emerge as pro-
trusions from the epidermal layer of cotton ovules (3,4). This is
followed by elongation, in which the cells undergo rapid expan-
sion with increases in length and diameter, and concurrent pri-
mary cell wall formation. On average, this continues for 15–27
d (3). Secondary cell wall synthesis begins around 16–19 d post-
anthesis (dpa) and is thought to overlap with elongation (5).
This process consists of the deposition of successive layers of
cellulose microfibrils in a helical pattern around fiber cells (2,6).
Maturation of fibers ends about 45–60 dpa, and it includes seed
capsule dehiscion, dehydration, and collapse of fiber cells (2).

Synthesis of cellular constituents, including lipids for incor-
poration into the vacuole and plasma membranes, must be nec-
essary during the period of rapid cell expansion in cotton fiber
cells. In plants, FA biosynthesis occurs de novo in plastids. The
newly synthesized FA can be either incorporated into plastidial
glycerolipids or transported to the endoplasmic reticulum (ER)
for incorporation into extraplastidial complex lipids (7) such as
those destined for vacuole and plasma membranes. Develop-
ing fiber cells, undergoing rapid elongation, have a higher lipid
content and were shown to incorporate the majority of 14C-la-
beled acetate into polar lipids at a rate that declines as cell elon-
gation ceases [from 10 to 20 dpa (2)]. As polar lipids are the
major constituents of lipid bilayers, these results suggest that
fiber cells are involved in active membrane synthesis during
early stages of development.

Recent technical advances now make it possible to perform
rapid, detailed glycerolipid profiling (8). Electrospray ionization
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(ESI) and tandemmass spectrometry (MS/MS) are currently
used to determine the classes, molecular species, and amount
of lipids in plant cells (8). Here we have applied this technique
to identify and quantify the classes and molecular species of
polar lipids in developing cotton fiber cells. These data provide
a critical knowledge base of information for how lipid compo-
sition changes with fiber development. The results were com-
pared with those from other approaches, including GC-FID, to
determine total FA composition, and HPLC analysis combined
with ELSD or MS to profile polar lipids as well as sterols, sterol
esters, and sterol glycosides (SG) (9,10). SG and their acylated
components in cotton fiber cells have been implicated as
primers for elongation of β1–4 glucan chains that form cellu-
lose microfibrils during secondary cell wall development (11);
hence the sterol composition of cotton fiber cells may be im-
portant to understanding more about cell wall formation in
these fiber cells.

Several genes that are preferentially expressed in cotton
fibers during the rapid elongation process have been identified,
including some that are involved in lipid metabolism, such as
those encoding a putative acyltransferase and a putative 24-
sterol-C methyltransferase (12). Transcripts for a gene encod-
ing a fiber-specific acyl carrier protein (ACP) were highly ex-
pressed during the stage of elongation, and this ACP was pro-
posed to play a role in synthesis of membrane lipids (13).
Cotton fiber-specific cDNA encoding lipid transfer proteins
have been isolated and shown to have a temporal expression
pattern, accumulating from 6 to 14 dpa (14,15); transcript lev-
els for one isoform, lipid transfer protein-3, reached a maxi-
mum at 15 dpa (16). The results of these studies indicate that
transcription of genes involved in lipid metabolism in cotton
fiber occurs in a developmentally regulated manner. However,
a more global examination of gene expression in cotton fiber
cells during the stage of rapid elongation might provide more
insights into the mechanisms responsible for the development
of these cells.

More than 50,000 expressed sequence tags (EST) from
Gossypium sp. fiber cells have been sequenced by several lab-
oratories [predominantly Brookhaven National Laboratory
(Brookhaven, NY) and Clemson University Genomics Insti-
tute (Clemson, SC)] and compiled by The Institute for Ge-
nomic Research (TIGR; Rockville, MD) at their web site at
http://www.tigr.org. Most all of these EST are derived from
cotton fibers at 6 or 7 to10 dpa, during the stage of rapid cell
elongation, and most likely include expressed genes of lipid
metabolism important for this development stage. The occur-
rence of EST for enzymes involved in lipid metabolism can be
used to begin to predict which metabolic pathways are operat-
ing during this stage of rapid cell elongation, as was done re-
cently for oil biosynthesis in Arabidopsis seeds (17). The com-
bination of metabolic profiles and DNA database information
provides a unique perspective on membrane biogenesis for
fiber cell elongation and will serve as a basis for the develop-
ment of hypotheses regarding the regulation of membrane bio-
genesis in this important agricultural plant.

The main objective of this research was to characterize the

glyceroplipid metabolites in cotton fiber cells at different stages
of development and estimate a gene expression profile for lipid
metabolism genes in elongating cotton fibers. Toward this end
we compiled a list of EST for enzymes involved in lipid me-
tabolism in developing cotton fibers, using EST data annotated
and assembled into tentative consensus (TC) sequences by The
Institute for Genomic Research. Unique TC sequences are esti-
mates of individual transcripts in cases such as cotton where
the genome has not yet been sequenced. The data on EST pro-
files were viewed, compared, and correlated with the levels of
various lipids (including both lipid classes and their individual
molecular species) and were used to predict lipid metabolic
pathways in developing cotton fiber cells.

MATERIALS AND METHODS

Plant material. Cotton (Gossypium hirsutum L. cv. Coker 312)
plants were greenhouse grown in April to October in Denton,
Texas, with day/night temperatures of 95/80°F (35/27°C) and
an approximate 16 h photoperiod (day length extended with
sodium vapor lamps when necessary). Flowering plants were
tagged on the day of anthesis, and bolls were harvested at 7–10,
14, 21, and 28 dpa. Material in locules (fiber and ovules) was
excised and immediately placed in boiling isopropanol, since
experiments in which samples were kept on ice or stored at –20
or –80°C resulted in large amounts of post-harvest-generated
PA. Replicate fiber samples were dried overnight at 50°C to de-
termine dry weight of fiber samples. Dry weights ranged from
45 to 100 mg. Total FA profiles also were determined for cv.
Stoneville 474 (SG474), grown in Stoneville, Mississippi, over
the same period for comparison. In this case, bolls were pro-
vided by Dr. Jodi Scheffler, USDA-ARS, Cotton Physiology
and Genetics (Stoneville, MS).

Chemicals. Diheptadecanoyl (17:0) L-α-PC, L-α-PC (Type
II) from soybean, cabbage phospholipase D (PLD) (Type V),
and BSA were obtained from Sigma Chemical Co. (St. Louis,
MO). [1-14C]Dipalmitoyl-L-α-PC was purchased from NEN
Life Sciences (Boston, MA). All other chemicals were from
Fisher Scientific unless otherwise stated. Phospholipid and
galactolipid standards for ESI-MS/MS were obtained and
quantified as previously described (8).

Lipid extraction and analysis. Total lipid extraction of cot-
ton tissues was by a modified version of the Bligh/Dyer method
using isopropanol and chloroform (as described in Ref.18). Ap-
proximately, 0.5 g of fiber samples was placed in 2 mL boiling
isopropanol (70°C). L-α-Diheptadecanoyl (17:0) PC (1–5 mg)
was added to some samples as a quantitative standard, and the
tubes were incubated at 70°C for 30 min. The samples were al-
lowed to cool to room temperature, 1 mL of chloroform was
added, and the samples were extracted overnight at 4°C. Fol-
lowing overnight extraction, phase separation was achieved by
addition of 2 mL of KCl and 1 mL of chloroform, and facili-
tated by centrifugation at 480 −× g for 10 min in a Beckman
TJ-6 benchtop centrifuge. The upper, aqueous phase was aspi-
rated, and the remaining organic layer was washed two times
with 2 mL 1 M KCl and finally with 1 mL ultrapure water
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(Milli-Q). The chloroform was evaporated using a Multi-
vap118 nitrogen evaporator (Organomation Associates, Berlin,
MA), and 2 mL of fresh chloroform was added to the remain-
ing lipid extract. The lipid samples were stored under nitrogen
at –20°C for subsequent FA analysis, or evaporated to dryness
and shipped overnight under nitrogen to the Kansas Lipidomics
Research Center (KLRC) Analytical Laboratory for ESI-
MS/MS analysis, or to the Eastern Regional Research Labora-
tory, USDA, for HPLC-ELSD analysis.

For total FA analysis, the lipid extracts were evaporated to
dryness with nitrogen gas and transesterified in 1 mL acidic
(1% H2SO4) methanol for 30 min at 65°C. FAME were ex-
tracted into hexanes, washed with 5% (wt/vol) NaCl, and dried
over Na2SO4 columns. FAME in hexanes were analyzed by
GC-FID using a Hewlett-Packard Series II plus 5890 gas chro-
matograph. Samples were separated over a 30 m SUPELCOW-
AXTM-10 fused-silica capillary column (Supelco, Bellefonte,
PA) at an oven temperature of 200°C, with nitrogen as the car-
rier gas, and FID was used to quantify FAME. Injector and de-
tector temperatures were 250°C. Identification of FA in sam-
ples was achieved by comparison with lipid standards (FAME
Mix GLC–10; Supelco), and the amount of each FA was calcu-
lated based on the amount of the internal heptadecanoyl stan-
dard (from the transesterification of diheptadecanoyl PC).

The polar lipid classes and molecular species in cotton fiber
lipids were determined by direct infusion ESI and MS/MS at the
KLRC Analytical Laboratory. The samples were dissolved in
chloroform. Two aliquots were taken for MS analysis, one sam-
ple of 10 µL for phospholipid analysis and one of 10 µL for
galactolipid analysis. For phospholipid analysis, cotton lipid ex-
tract in chloroform was combined with solvents and internal
standards, such that the ratio of chloroform/methanol/300 mM
ammonium acetate in water was 300:665:35, the final volume
was 1 mL, and the sample contained 0.66 nmol di14:0-PC, 0.66
nmol di24:1-PC, 0.66 nmol 13:0-lysoPC, 0.66 nmol 19:0-
lysoPC, 0.36 nmol di14:0-PE, 0.36 nmol di24:1-PE, 0.36 nmol
14:0-lysoPE, 0.36 nmol 18:0-lysoPE, 0.36 nmol di14:0-phos-
phatidylglycerol (PG), 0.36 nmol di24:1-PG, 0.36 nmol 14:0-
lysoPG, 0.36 nmol 18:0-lysoPG, 0.36 nmol di14:0-PA, 0.36
nmol di20:0(phytanoyl)-PA, 0.24 nmol di14:0-PS, 0.24 nmol
di20:0(phytanoyl)-PS, 0.20 nmol 16:0–18:0-PI, and 0.16 nmol
di18:0-PI. For galactolipid analysis, plant lipid extract in chloro-
form was combined with solvent and internal standards, such
that the ratio of chloroform/methanol/50 mM sodium acetate in
water was 300:665:35, the final volume was 1 mL and the sam-
ple contained 2.01 nmol 16:0–18:0-monogalactosyldiacylglyc-
erol (MGDG), 0.39 nmol di18:0-MGDG, 0.49 nmol 16:0–18:0-
digalactosyldiacylglycerol (DGDG), and 0.71 nmol di18:0-
DGDG.

The samples were analyzed on a triple quadrupole tandem
mass spectrometer (API 4000; Applied Biosystems, Foster
City, CA) equipped for ESI. The source temperature (heated
nebulizer) was 100°C, and -4.5 or +5.5 kV was applied to the
electrospray capillary. The two ion source gases were each set
at 45 arbitrary units; the curtain gas was set at 20 arbitrary
units; the declustering potential was ±100 V for phospholipids,

+150 V for MGDG, and +215V for DGDG; and the entrance
potential was ±10 to ±15 V. With the interface heater on, the
sample was introduced using an autosampler (LC Mini PAL;
CTC Analytics AG, Zwingen, Switzerland) and presented to
the ESI needle at 30 µL/min. Precursors of lipid head-group-
derived fragments were detected, using the scans previously
described (8,19,20). The collision energies, with nitrogen in the
collision cell, were 28 V for PE, 40 V for PC, −58 V for PI,
−57 V for PA and PG, −34 V for PS, 50 V for monogalactosyl-
diacylglycerol (MGDG), and 84 V for digalactosyldiacyl-
glyerol (DGDG). The mass analyzers were adjusted to a reso-
lution of 0.7 amu full width at half height. For each spectrum,
9–150 continuum scans were averaged in multiple channel an-
alyzer mode.

Data processing was performed using Analyst software
(Applied Biosystems) with a custom script written by Anna
Lisyansky of Applied Biosystems. In each spectrum, the back-
ground was subtracted, the data were smoothed, and then peak
area was determined. Identification of the peaks of interest and
calculation of lipid species amounts were performed using Mi-
crosoft Excel. Corrections for overlap of isotopic variants (A +
2 peaks) in higher mass lipids were applied. The lipids in each
class were quantified in comparison with the two internal stan-
dards of that class as described (8).

For the quantitative analysis of the polar and nonpolar lipid
classes, the total lipid extract was dissolved in chloroform/
methanol (10 mg/mL in 85:15, vol/vol) and injected in an HPLC
system equipped with ELSD. The method used an Agilent 1100
HPLC system, a Sedex Model 55 ELSD, and a DIOL column,
as previously described (10). Lipid classes were identified by co-
chromatography with commercial standards and by MS (LC-MS
with atmospheric pressure chemical ionization in the positive ion
mode).

Bioinformatics and data mining. Cotton EST from different
tissues in cotton have been assembled into TC sequences at The
Institute for Genomic Research web site at http://www.tigr.org.
These include EST from two libraries for cotton fibers at 7–10
dpa and at 6 dpa, which is the stage of rapid cell expansion. We
queried these databases to catalog EST to identify the major
enzymes involved in lipid metabolism in elongating cotton
fiber. At the time of our analysis 38,814 EST were annotated
from the 7–10 dpa library, and 8,003 from the 6 dpa library.
Hence, the number of EST and TC sequences  discussed here
are almost exclusively those of the larger (7–10 dpa) library,
with certain noted exceptions. Some EST were already anno-
tated, whereas others were identified using the WU-BLAST
program with cDNA and protein sequences from other plants
as queries. Many of these plant sequences were obtained from
a lipid gene database for Arabidopsis thaliana housed at
http://www.plantbiology.msu.edu/lipids/genesurvey/index.htm
(17). In addition, protein motif identification, domain organiza-
tion analysis, and subcellular location predictions were accom-
plished with web-based bioinformatics tools (interpro,
BLOCKS, NCBI-DART, PSORT, TargetP) where possible. Se-
quences of lipid metabolism genes in cotton were placed in the
context of known lipid metabolism pathways and used to predict
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the metabolic capacity for cotton fibers to produce various lipid
metabolites. Actual metabolite data were compared with these
metabolic schemes to provide an overall view of lipid metabo-
lism in elongating cotton fiber cells.

All experiments were repeated at least three times and the
data presented are the means ± SD.

RESULTS

FA composition of cotton fiber cells. Total lipid extracts were
obtained from cotton fiber cells (G. hirsutum, L., cv. SG474 and
Coker 312) harvested at different ages (7, 14, 21, and 28 dpa)
representative of different stages of fiber development. Total
FA composition was determined by GC-FID using heptade-
canoic acid (17:0) as a quantitative internal standard. The per-
centage by weight of each of the common FA, palmitic (16:0),
stearic (18:0), oleic (18:1), linoleic (18:2) and linolenic (18:3),
remained relatively constant over the entire period of fiber de-
velopment (Fig. 1). Linolenic was found to be the most abun-
dant FA, accounting for about 40 to over 50% by weight of total
FA. Palmitic was the second-most abundant FA, representing
25–35% by weight of total FA. Linoleic acid constituted

10–15% by weight of FA present, whereas low levels of oleic
and even lower levels of stearic acid were observed in all stages
of development. A slight increase in the ratio of saturated to
unsaturated FA was observed in the later stages of fiber devel-
opment.

The total amounts of individual FA increased (or were high-
est) during the elongation stage and decreased thereafter (Fig.
2), despite a relative increase in the size of bolls and fiber con-
tent during fruit development. During the early stages of fiber
development, cells are undergoing rapid elongation (2) and are
engaged in lipid synthesis for membrane development; hence,
an increase in fiber mass in bolls is associated with a concomi-
tant increase in lipid content. In maturing fibers, cells are in-
volved in secondary cell wall synthesis, which begins around
16–19 dpa and continues up to 25 dpa (2). During this stage of
development, cellulose accumulates and accounts for the bulk
of the mass in fiber cells. As a result, the proportion of lipids
relative to the overall weight of fiber is lower in maturing
fibers. The slight difference in the time course of lipid accumu-
lation between the two cultivars may be genetic or may be en-
vironmental; however, the trends are the same, with lipid accu-
mulating early to support cell elongation, and then tapering off
as fiber cell wall thickening proceeds. Cotton embryos begin to
synthesize seed oil at around 20–25 dpa. Hence, membrane
lipid synthesis in fiber cells may decline prior to this period of
TAG accumulation during cottonseed development.
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FIG. 1. The FA composition of cotton fiber cells at different stages of
development [7, 14, 21, and 28 d post-anthesis (dpa)] was determined
for two different cultivars–Gossypium hirsutum L. cv. Stoneville SG474,
upper panel, and cv. Coker 312, lower panel. Total lipids were ex-
tracted from fiber cells with addition of diheptadecanoyl (di17:0) PC as
an internal standard. Following acid-catalyzed transesterification, total
FAME were analyzed by GC-FID and quantified based on the amount
of methyl heptadecanoate (17:0) from the internal standard. The rela-
tive proportions (wt %) of the common FA present in SG474 fibers and
Coker 312 fiber cells were compared. The overall composition was sim-
ilar for both cultivars throughout the entire period of fiber growth and
maturation, and 18:3 and 16:0 were the most abundant FA at each stage
of development. Bars represent the means and SD of three (SG474) or
four (Coker 312) independent extractions.

FIG. 2. Individual FA content was quantified (mg per dry weight of fiber)
at the different stages of fiber development. In SG474 (A), an increase
in 16:0, 18:2, and 18:3 content occurred from 7 to 14 dpa (during cell
elongation), with levels declining on a cell dry weight basis thereafter
(during maturation). For Coker 312 (B), the levels of individual FA were
highest at 7 and 14 dpa (during cell elongation), and similar to SG474.
All FA decreased on a cell dry weight basis at 21 and 28 dpa (during
maturation). Bars represent the means and SD of three (SG474) or four
(Coker 312) independent extractions.



Polar lipid profiles in cotton fiber cells. The polar lipid
classes of elongating and maturing cotton fiber cells were quan-
titatively analyzed by HPLC-ELSD analysis (Fig. 3). PC was
the most abundant lipid class, constituting 47% of elongating
and 36% of maturing cell total lipids by weight. PI also was a
prevalent polar lipid in cotton fiber cells. Although values were
variable when quantified by HPLC-ELSD, PI consistently was
more abundant in maturing fibers, averaging 29% of total polar
lipids, than in elongating fibers, where PI levels averaged 18%
by weight of total polar lipids. PE and DGDG were present in
similar proportions in elongating and maturing fibers from 11
to 14% by weight of total polar lipids. Relatively low levels of
PA were observed, with only 2 and 4% (by weight) of total
polar lipids in elongating and maturing fiber cells, respectively.
The levels of acylated sterol glycoside (ASG) were higher in
maturing fiber cells (7%) than in elongating fiber cells (2%),
whereas similar levels of SG were observed at both develop-
mental stages.

Recent advances MS methods have facilitated detailed class
and molecular species analyses of plant glycerolipids (21). The
classes and molecular species of polar lipids in elongating and
maturing cotton fibers were determined by direct infusion ESI
followed by tandem MS. This method does not incorporate
HPLC or any other chromatographic separation. Instead, the
species in each headgroup class are detected, as they produce a
common headgroup fragment following collisionally activated
dissociation. Classes are detected by sequential scans during
continuous infusion, and quantification is in comparison with
two internal standards of each headgroup class (21). The com-
position and relative proportions of the different glycerolipid
classes were similar in elongating and maturing fiber cells (Fig.
4). The only major difference observed was in the relative
amounts of lipid per dry weight (Fig. 4B), which was two times
higher in elongating than in maturing fiber cells. This was con-

sistent with results from total FA content measured above (Fig.
2) and is likely due to the increase in relative cellulose content
at the later stages of fiber maturation. PC, PE, and PI were the
predominant phospholipids in cotton fiber cells at both stages,
and, consistent with data from HPLC-ELSD, the relative per-
centage of PI was somewhat higher in maturing than in elon-
gating fiber cells (Fig. 4A).

PE constituted a considerably higher proportion of total
polar lipid when measured by ESI-MS/MS (compared with
HPLC-ELSD), about 30% of total polar lipid. It is possible that
the lower levels of PE measured via HPLC-ELSD vs. via ESI-
MS/MS may occur because PE (a basic lipid) is not accurately
separated (chromatographed) by this system (even though the
PE standard is used to determine the retention time and the PE
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FIG. 3. Comparison of polar lipid classes of elongating (8–10 dpa) and
maturing (21 dpa) fiber cells (from cv. Coker 312) determined by HPLC-
ELSD and expressed as weight percentage of the total polar lipid (10).
Lipids were quantified based on standard curves developed for each
lipid class. ASG, acylated sterol glycoside; SG, sterol glycoside; DGDG,
digalactosyldiacylglycerol (may include MGDG, monogalactosyldia-
cylglycerol); PA, phosphatidic acid; LPC, lysophosphatidylcholine. Bars
represent the means and SD of three independent extractions.

FIG. 4. Comparison of glycerolipid content of elongating (8–10 dpa) and
maturing (21 dpa) fiber cells (from cv. Coker 312) determined by ESI-
MS/MS. In panel A lipid quantities are presented as mol% of total glyc-
erolipid, and in panel B lipids are quantified on nmol mg-1 dry weight
basis. Lipid quantities were calculated based on internal standards in-
cluded for each class (see methods) and the amount for each class repre-
sents the sum of individual molecular species for that class. PG; phos-
phatidylgycerol; LPG, lysophosphatidylglycerol; LPC, lysophosphatidyl-
choline; LPE, lysophosphatidylethanolamine; PA, phosphatidic acid. Bars
represent the means and SD of five independent extractions.



standard is used to construct a calibration curve of PE mass vs.
PE peak area. A possible explanation is that the retention time
of PE (compared with PE standard, which elutes at 23 min)
may be changed by the matrix of other lipids (or ions) in the
extract, perhaps causing it to bind to another lipid and elute as
part of a peak of another lipid class or to bind irreversibly to
the column. It should similarly be noted that although MGDG
is detected at significant levels via ESI-MS/MS (Fig. 4), no
peak of MDGD was detected in the HPLC-ELSD chromato-

gram (MGDG standard eluted at 10 min, about 1 min before
the SG standard). As with PE, it is possible that the retention
time of MGDG (compared with MGDG standards) is changed
or the MGDG peak itself is masked by the matrix of other lipids
in the extract. Further work is needed to explain the differences
obtained using ESI-MS/MS vs. HPLC-ELSD for the quantita-
tive analysis of lipid classes. Although there were differences
in the analytical results obtained by these two very different
methods, overall trends and amounts of polar lipids quantified
were similar.

The detailed molecular species profiles of the major glyc-
erolipid classes were determined (Fig. 5). There were some
similarities and differences in the profiles of glycerolipid mo-
lecular species, which are presented as the combined acyl com-
position. Major molecular species of PC and PE were quite
similar (Fig. 5A, B), including 34:3 (16:0, 18:3), 34:2 (16:0,

778 S.W. WANJIE ET AL.

Lipids, Vol. 40, no. 8 (2005)

FIG. 5. Individual molecular species profiles quantified by ESI-MS/MS for
PC (panel A), PE (panel B), PI (panel C), PA (panel D), and DGDG (panel
E) in extracts from elongating (8–10 dpa) and maturing (21 dpa) fiber cells.
Fibers samples were from cv. Coker 312 plants tagged at anthesis, and
lipids were extracted immediately upon excision of ovules from bolls.
Numerical designations represent total number of acyl carbons:total num-
bers of double bonds. Data for each molecular species represent the
means and SD of five independent extractions and are presented as mol%
of total glycerolipid. For other abbreviations see Figure 4.



18:2 or 16:1, 18:1), 34:1 (16:0, 18:1), 36:6 (18:3, 18:3), 36:5
(18:2, 18:3), 36:4 (18:1, 18:3 or 18:2, 18:2), and 36:3 (18:0,
18:3 or 18:1, 18:2). Relatively speaking, PE had more minor
long-chain species (series of PE38, PE40, and PE42) than PC.
PI molecular species profiles were much less complex than pro-
files of PC or PE (compare Fig. 5A–C), and were almost en-
tirely dominated by PI 34:3 in fiber cells at both stages of de-
velopment. The most abundant molecular species for PC, PE,
PI, and PA was 34:3 (18:3,16:0). In addition, 36:6 (18:3,18:3)
also was prevalent in PC, PE and PA, but not in PI (compare
Fig. 5A–D). The composition and relative proportions of mo-
lecular species found in PA were similar to those found in PC
and PE, suggesting that these PA species are indeed metabo-
lites (precursors or products) of the two major phospholipids.
The precise identity of the acyl groups is tentative in some of
molecular species because multiple combinations of FA at the
sn-1 and sn-2 positions of the glycerolipids can make up the
reported total number of acyl carbons and double bonds. How-
ever, it should be noted that the prevalence of 18:3- and 16:0-
containing molecular species is entirely reasonable, given total
FA composition of the lipids in these cells (Fig. 1).

Relatively low levels of PS, PG, MGDG, and DGDG were
present in cotton fiber lipid extracts analyzed by ESI and tan-
dem MS (Fig. 4). Longer-chain FA were found to comprise the
major molecular species in PS, with PS 40:3 being the most
prevalent, and lower levels of PS 38:3 and PS 34:3 were de-
tected (not shown). For PG, the most abundant molecular
species were PG 32:0 (16:0, 16:0) and PG 32:1 (16:0,16:1);
some PG 34:3 (18:3,16:0) was detected in fiber lipid samples
as well (not shown). The major molecular species present in
MGDG and DGDG were 36:6 (18:3, 18:3) (Fig. 5E).

Overall, there were subtle but significant differences in mo-
lecular species profiles between elongating and maturing fiber
cells. The higher relative levels of 34:2 (16:0, 18:2) PC, PE, PI,
and PA in the maturing as compared with the elongating cells
are consistent with the higher levels of palmitic and linoleic
acids in the maturing cells (Fig. 1). Higher levels of PE 36:5
(18:2, 18:3) may also reflect higher 18:2 levels, but higher lev-
els in maturing fiber cells of PA 34:3, 36:5, and 36:6 than in
elongating cells probably just reflect the higher total levels of
PA in the maturing cells, as determined by ESI-MS/MS. On the
other hand, PC 36:6, PC 36:4, PE 34:3, and PE 36:6 were
higher on a mol% basis in elongating cells than in maturing
fiber cells. It should be emphasized that polar lipid profiles
were dramatically different when fiber samples were frozen
prior to analysis; considerably higher amounts of PA (up to 40
mol%) were measured by both ESI-MS/MS and HPLC-ELSD
in extracts from frozen fiber samples, and several pilot experi-
ments determined that this could be attributed to the post-har-
vest hydrolytic activity of PLD. This was not observed with
other cotton tissues (e.g., leaves) and indicates a considerable
capacity for PLD hydrolysis in fiber cells. Caution should be
exercised when handling and processing cotton fibers for polar
lipid profiles.

Profile of EST in developing cotton fibers. Expressed genes
in cotton fibers have been identified through several EST pro-

jects, and these publicly available sequences have been assem-
bled into contigs by the efforts of researchers at The Institute
for Genomic Research (http://www.tigr.org). These include
EST from two libraries for cotton fibers at 7–10 dpa and 6 dpa,
which is the stage of rapid elongation. We used these data to
catalog EST for the major enzymes involved in lipid metabo-
lism in elongating cotton fiber cells (Table 1). Approximately
39,000 EST have been derived from the 7–10 dpa library, as
compared with only 8,000 from the 6 dpa library. Hence, the
number of EST and TC sequences discussed here are mostly
representative of the 7–10 dpa library, with certain noted ex-
ceptions. In some cases, the EST were already annotated,
whereas in other instances homologs were tentatively identi-
fied by WU-BLAST with cDNA and/or protein sequences from
other plants as queries. Many of these plant sequences were ob-
tained from a lipid gene database for A. thaliana housed at
http://www.plantbiology.msu.edu/lipids/genesurvey/index.htm
(17) which also provides detailed reactions and metabolic path-
way(s) for plant lipid metabolism. Hence, we also compared
the total number of lipid enzyme EST from all tissues in A.
thaliana to those in cotton fiber cells. The abundances of EST
were used only as an indicator of the potential capacity for fiber
cells to produce the different gene products and respective lipid
metabolites.

EST for enzymes and proteins of de novo FA biosynthesis
were prevalent in elongating cotton fiber cDNA libraries, in-
cluding those encoding subunits of acetyl-CoA carboxylase,
ACP, β-ketoacyl-ASP synthase I (KAS I), and stearoyl-ACP
desaturase. Several EST were predicted to encode for different
isoforms of ACP, including a fiber-specific ACP (13). No EST
were annotated as encoding KAS II and KAS III enzymes, but
KAS II shares high homology with KAS I, and some of the
EST predicted to encode for KAS I could in fact encode for
other enzymes. These results support metabolic data that cot-
ton fiber cells at this stage of development have a high capacity
for the de novo biosynthesis of FA and identify candidate cot-
ton sequences that can be targeted for future functional studies.

The FA synthesized in the plastids can either be transferred
from acyl-ACP into plastidial glycerolipids, or cleaved by a
thioesterase to form free acyl chains that are exported to the ER
for extraplastidial glycerolipid assembly (7). Three EST for
FatA, the thioesterase that acts preferentially on unsaturated
FA (22), and 11 EST for Fat B, which exhibits a preference for
saturated acyl-ACP (23), were identified. Eleven EST were an-
notated as encoding for acyl-CoA synthetase, which esterifies
the free acyl chains to CoA forming acyl-CoA (7), the precur-
sors for ER glycerolipids.

Glycerolipid synthesis initiated by the transfer of acyl chains
(from acyl-ACP in plastids or acyl-CoA in the ER) to glycerol-
3-phosphate (G3P) forming lysophosphatidic acid (LPA) in a re-
action is catalyzed by a G3P acyltransferase (7). Several EST
were annotated as acyltransferases. Only a single EST from the
6 dpa library could be annotated as encoding an acyl-ACP acyl-
transferase. Nine EST, representing one TC, exhibited high iden-
tity with sequences of known acyl-CoA acyltransferases. In A.
thaliana, only two EST for each of these enzymes have been
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TABLE 1
Catalog of Expressed Sequence Tags (EST) Predicted to Encode for Enzymes and Other Proteins Involved in Lipid Metabolism in Two Cotton
Fiber Librariesa (7–10 and 6 dpa)

Enzyme or protein Cotton fiber Arabidopsis (all tissues)

EST EST TC EST Genes
EC # FA biosynthesis 7–10 dpa 6 dpa 7–10 dpa

6.4.1.2 Acetyl-CoA carboxylase subunits 47 8 6 68 1
Fiber-specific ACP 7 2 1
ACP plastidial isoform 1 12 0 1 42 5
ACP plastidial isoform 2 5 1 1
ACP mitochondrial isoform 9 1 3 12 3

2.3.1.39 ACP S-malonyltransferase 9 0 1 3 3
2.3.1.41 Ketoacyl-ACP synthase 1 40 18 5 39 1
2.3.1.41 Ketoacyl-ACP synthase II 0 0 0 2 1
2.3.1.41 Ketoacyl-ACP synthase III 0 0 0 6 1
1.1.1.100 β-Ketoacyl-ACP reductase 3 2 1 35 5
4.2.1.* β-Hydroxyl-ACP dehydratase 2 3 1 7 2
1.3.1.9 Enoyl-ACP reductase 5 2 2 11 1
1.14.19.2 Stearoyl-ACP desaturase 22 4 5 43 7
3.1.2.14 Palmitoyl-ACP thioester  (FatB) 11 1 3 35 1
3.1.2.14 Oleoyl-ACP hydrolase (FatA) 3 0 1 5 2

Glycerolipid synthesis
Acyltransferase 66 17 3

2.3.1.15 Acyl-ACP G3P acyltransferase 1 0 0 2 1
2.3.1.15 Acyl-CoA G3P acyltransferase 9 0 1 2 2
2.3.1.51 LPA Acyltransferase-plastidial 13 0 1 7 1
2.3.1.51 LPA Acyltransferase-ER 7 3 1 5 11
2.7.7.41 Phosphatidic acid phosphatase 1 2 0 2 1
2.7.1.107 DAG kinase-like protein 4 1 2 33 8
2.3.1.20 DAG transferase 0 0 0 7 2
2.7.7.41 CDP:DAG synthetase 0 0 0 4 3
2.7.8.5 PGP synthase (CDP:DAG G3P phosphotransferase) 2 0 1 3 1
2.7.8.5 ER PGP synthase 0 1 1 7 1
3.1.3.27 PGP phosphatase 0 0 0 0 0
2.7.8.11 PI synthase 0 0 0 6 2
2.7.1.32 Choline/ethanolamine kinase 0 3 1 13 4
2.7.7.15 Phospholipid cytidyltransferase 4 0 1 8 2
2.7.8.2 Aminoalcoholphosphotransferase 2 0 1 11 1
1.14.99.* ω-6 FAD ER (FAD2) 10 10 2 131 1
1.14.99.* Plastidial FAD 6 1 0 1 9 1
1.14.99.* ω-3-FAD ER (FAD3) 5 4 1 31 4
1.14.99.* Plastidial (FAD7/FAD8) 8 1 1 18 2
2.7.1.46 MGDG synthase 0 0 0 5 3
2.4.1.184 DGDG synthase 2 0 1 8 2

Sphingolipid biosynthesis
2.3.1.50 Serine palmitoyltransferase 4 2 2 13 3
1.1.1.102 3-Ketosphinganine reductase 29 2 2 18 2

Acyl-CoA independent ceramide synthase 1 1 1 0 0
2.3.1.24 Sphinganine acyltransferase 0 0 0 0 0

∆ 8 Sphingolipid desaturase 1 0 1 36 2
FA elongation/wax synthesis

6.2.1.3 Long-chain acyl-CoA synthetase 11 4 2 63 9
β-Ketoacyl-CoA synthase 150 43 16 183 20
β-Ketoacyl reductase 15 7 2 47 2

4.2.1.17 3-Hydroxyl-CoA dehydrase 0 0 0 0 0
1.3.1.44 Enoyl-CoA reductase 0 0 0 31 1

CER1-aldehyde decarboxylase 24 5 1 36 5
CER2 0 1 1 28 3
CER3 0 5 1 7 1
Lipid transfer protein precursor 151 254 4 362 14
Lipid transfer protein 3 precursor 67 125 4 28 8
Palmitoyl-protein thioester- like protein 2 2 1 44 7

(Continued)



identified. Transfer of a second acyl chain to the sn-2 position of
LPA forms PA, and several EST were identified for the plastidial
and ER isoforms of LPA acyltransferase. The occurrence of these
EST suggests that the synthesis of PA occurs in both the plastid
and ER of fiber cells. Of interest, 66 cotton fiber EST appeared
to encode acyltransferases of unidentified function.

PA serves as the precursor to most glycerolipids and is con-
verted to DAG or cytidine diphosphate:diacylglycerol
(CDP:DAG) for complex glycerolipid assembly (24). PA may
be dephosphorylated by PA phosphatase, forming DAG, and a
single EST predicted to encode this enzyme was present,
whereas four EST (two TC) for DAG kinase (which catalyzes
the reverse reaction) were identified. DAG also is used as a
substrate in the synthesis of plastidial galactolipids, MGDG
and DGDG. Only EST corresponding to DGDG synthase were
identified. DAG may also be acylated by DAG acyltransferase
to form TAG, but no EST were identified for this protein, nor
were any EST identified as encoding a phospholipid diacyl-
glycerol acytransferase, which catalyzes the transfer of an acyl
group from a phospholipid to DAG forming a TAG and a
lysophospholipid. These results might be expected since elon-
gating fiber cells are not primary sites for TAG biosynthesis,
but rather likely are more involved in the synthesis of mem-
brane glycerolipids.

In the ER, DAG acts as a direct precursor for synthesis of PC

and PE in the ER via the action of a phosphotransferase, displac-
ing cytidine monophosphate (CMP) from the nucleotide-acti-
vated amino alcohols, CDP-choline or CDP ethanolamine. The
amino alcohols are themselves produced in a series of reactions
in which they are first phosphorylated, and then reacted with
CTP to produce the CDP derivatives (24). Three cotton EST
were identified as candidate choline/ethanolamine kinase ho-
mologs. Four EST were annotated as encoding the cytidyltrans-
ferase enzyme, while 2 EST were predicted to encode an
aminoalcohol phosphotransferase. A single aminoalcohol phos-
photransferase catalyzes the final step, producing PC or PE (25).

PA may be converted to CDP:DAG by action of CDP:DAG
synthase, but surprisingly no EST encoding for this enzyme
were identified. CDP:DAG is the precursor for PG, PI, and PS
(26). Phosphatidylglycerol phosphate (PGP) synthase uses
CDP:DAG and G3P to form PGP, which is the precursor to PG,
and 2 EST were predicted to encode for the plastidial isoform
of PGP synthase, while a single EST in the 6 dpa library was
annotated as encoding for the ER isoform. However, no EST
were identified as encoding for PGP phosphatase, which pro-
duces PG from PGP. Additionally, no EST were predicted to
encode for PI synthase or PS synthase, which both use
CDP:DAG as a precursor.

Desaturation of glycerolipid acyl chains occurs in both the
plastid and ER and is catalyzed by different proteins in these
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TABLE 1 (Continued)

Enzyme or protein Cotton fiber Arabidopsis (all tissues)

EST EST TC EST Genes
EC # FA biosynthesis 7–10 dpa 6 dpa 7–10 dpa

Sterol biosynthesis
1.1.1.34 HMG-CoA reductase 21 0 3 N/A N/A

24-Sterol C-methyltransferase 14 11 1 N/A N/A
Sterol C14 reductase FACKEL 2 0 1 N/A N/A
∆ 8 ∆ 7 Isomerase 2 0 1 N/A N/A
Sterol-C4-α methyl oxidase 5 2 1 N/A N/A
UDP:glucose sterol glucosyl transferase 6 2 2 N/A N/A
Sterol methyltransferase 8 0 1 N/A N/A
Lipases

3.1.4.4 Phospholipase D (α) 25 3 1 35 4
3.1.4.4 Phospholipase D (β1) 2 0 1 4 2
3.1.4.4 Phospholipase D (δ) 1 0 1 13 3
3.1.1.32 Putative phospholipase A1 2 0 1 2 1
3.1.1.4 Putative phospholipase A2 7 0 1 6 2
3.1.1.5 Lysophospholipase homolog 84 11 18 28 9
3.1.4.11 Phospholipase C 1 3 0 11 6
3.1.4.11 PI-specific phospholipase C 12 1 3 24 9

FA amide hydrolase 16 7 5 5 2
β-Oxidation

1.3.3.6 Acyl-Co A oxidase 4 1 2 61 6
4.2.1.17 EnoylCoA hydratase 7 1 1 6 2
1.1.1.35 3-Hydroxybutyryl-CoA dehydrogenase 3 0 1 10 1
2.3.1.16 3-KetoacylCoA thiolase 5 0 1 65 3

AcylCoA synthase 8 0 2 0 0
aThe number of tentative consensus sequences (TCs) in the 7–10 dpa library is noted and may indicate the potential number of genes for each protein. The
EST data were obtained from The Institute for Genomic Research (TIGR) through the web site at http://www.tigr.org. Comparisons were made to EST involved in
lipid metabolism in Arabidopsis thaliana, using data compiled in the Arabidopsis lipid gene database housed at www.plantbiology.msu.edu/lipids/genesur-
vey/index.htm (17). Lipid metabolic genes for which no EST have been annotated in this database are marked as N/A. ACP, acyl carrier protein;  G3P, glyc-
erol-3-phosphate; LPA, lysophosphatidic acid; ER, endoplasmic reticulum; PGP, phosphatidylglycerol phosphate; MGDG, monogalactosyldiacylglycerol;
DGDG, digalactosyldiacylglycerol.



organelles. Ten EST predicted to encode for the ER δ-12 desat-
urase [fatty acid desaturase 2 (FAD2)] were identified, while
only a single EST was annotated as encoding the plastidial iso-
form, FAD6. Five EST were identified as an ER ∆-15 desat-
urase (FAD3), while eight EST were predicted to encode the
plastidial isoforms FAD7/FAD8.

The large number of EST predicted to code for enzymes in-
volved in FA elongation and wax biosynthesis suggests that
elongating fiber cells are actively engaged in these processes.
The FA elongase system, which adds two carbons per cycle to
C18-acyl-CoA, consists of four components; β-ketoacyl-CoA
synthase, β-ketoacyl -CoA reductase, β-hydroxylacyl-CoA de-
hydratase, and enoyl-CoA reductase (23). A large number of
EST (150) were identified as encoding for β-ketoacyl-CoA
synthase, while15 EST were annotated as encoding for the re-
ductase, but no EST were identified for the latter two compo-
nents of the pathway. A surprisingly high number of EST were
identified for lipid transfer protein precursors, but this is a fea-
ture of many cDNA libraries. A total of 218 EST in the 7–10
dpa library and 379 EST in the 6 dpa library were annotated as
encoding for this type of protein. Lipid transfer proteins are
thought to have a role in cutin/wax deposition (27), and fiber-
specific transcripts of this enzyme that were highly expressed
during the stage of rapid elongation have been identified in cot-
ton (14,16).

Sphingolipids are constituents of membranes (particularly,
plasma membranes), and several EST for enzymes involved in
their biosynthesis were identified in the cotton fiber databases.
Four EST were annotated as encoding a serine palmitoyltrans-
ferase, which catalyzes the condensation reaction between ser-
ine and palmitoyl-CoA forming 3-ketosphinganine in the first
step of the pathway (28). Several EST were identified for 3-ke-
tosphinganine reductase, which forms sphinganine. Ceramide
synthesis is thought to occur either by acylation of sphinganine
with a free FFA or an acyl-Co A donor (28). Ceramide synthase
catalyzes the former reaction, and a single EST was identified
for this enzyme, while no EST were annotated as encoding for
sphinganine acyltransferase, which catalyzes the latter reac-
tion. A single EST predicted to encode a sphingolipid desat-
urase was identified.

Sterols are minor components of cotton fiber (29), and sev-
eral EST encoding enzymes involved in sterol biosynthesis
were identified in the cotton fiber databases. These include 21
EST for HMG-CoA reductase, a major precursor in sterol
biosynthesis, 14 EST for 24 sterol methytransferase, 2 EST for
sterol C14 reductase, 2 EST for the ∆ 8, ∆ 7 isomerase, 5 EST
for sterol 4-α methyl oxidase, 6 EST for UDP-glucose: sterol
glucosyltransferase, and 8 EST annotated as a S-adenosyl-
methionine-sterol methyltransferase.

Plant lipids undergo membrane remodeling during growth
and development, as well as in response to various environ-
mental conditions, and lipases are involved in these processes
(30). PLD is known to hydrolyze phospholids producing PA
and a headgroup, and multiple isoforms of this enzyme have
been identified in plants (31). In the cotton fiber libraries, the

most abundant PLD EST were those for PLDβ, for which 25
EST were identified, while only 2 EST were identified as en-
coding for PLDβ and a single EST was identified for the PLD
δ isoform. Eighty-four EST were grouped as homologs of
lysophospholipases. Two EST were specifically annotated as
encoding phospholipase A1, which cleaves phospholipids at
the sn-1 position, while 7 EST were predicted to encode phos-
pholipase A2, which cleaves phospholipids at the sn-2 posi-
tion. Additionally, 12 EST were annotated as encoding PI-spe-
cific phospholipase C, suggesting that PI-mediated signaling
may be a feature of cotton fiber cell elongation. Orthologs of
the recently discovered plant FA amide hydrolase (32) also
were expressed in developing cotton fibers.

FA are turned over in plant cells by the peroxisomal β-oxi-
dation pathway (33). Several EST for each of the enzymes in-
volved in this process were present in the cotton fiber data-
bases. These included 8 EST for acyl-CoA synthase, 4 EST for
acyl-CoA oxidase, 7 EST for enoyl-CoA hydratase, 3 EST for
3-hydroxybutyryl-CoA dehydrogenase, and 5 EST for 3-ketoa-
cyl-CoA thiolase. The expression of these genes in elongating
cotton fiber cells suggests that FA degradation occurs even at
the early stages of fiber development.

DISCUSSION

Cotton fibers are single cells that develop relatively synchro-
nously, forming extremely long cells in a period of a few days;
hence, they represent a good system for studying plant cell ex-
pansion (6). The rapid elongation of these cells requires sub-
stantial lipid synthesis to support the developing organelle and
membranes, and this was supported by estimates of acyl lipid
content at several stages of fiber development (Fig. 2). The
presence of several EST for enzymes involved in FA biosyn-
thesis indicated that this pathway is quite active at the early
stage of fiber development (Table 1). A large number of EST
were predicted to encode for subunits of acetyl-CoA carboxy-
lase, which is considered to be the major regulatory enzyme in
the pathway (34). Several EST were identified for ACP, which
carry the FA through the assembly process, as well as for KAS
I, which participates in fatty acyl chain elongation. Glyc-
erolipid synthesis usually begins with incorporation of 16:0 and
18:1 acyl chains onto a glycerol-3-phosphate backbone. KAS
II is responsible for the elongation of 16:0 to stearate (18:0),
and we hypothesize that some of the EST annotated as encod-
ing for KAS I may in fact be KAS II EST, owing to the high
sequence homology. Several EST for stearoyl-ACP desaturase,
which introduces a double bond in stearate (18:0) to form
oleate (18:1), were prevalent as well. These EST profiles indi-
cate that cotton fiber cells are capable of producing a substan-
tial amount of 16:0 and 18:1, and these FA are then incorpo-
rated into complex lipids during plastidial and extraplastidial
glycerolipid synthesis and modification. It should be empha-
sized that additional quantitative proteomics data (or western
blotting) will be required to provide information about actual
abundance of proteins in these pathways. Nonetheless, lipid
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and EST profiles do confirm the metabolic capacity of cotton
fiber cells for these pathways.

The molecular species composition of glycerolipids can be
used to gain information as to how these lipids might be syn-
thesized in cells. For example, glycerolipids are usually syn-
thesized in plants from a PA precursor via two pathways, the
prokaryotic and the eukaryotic pathway (35). In the prokary-
otic pathway, 16-carbon FA are found predominantly in the sn-
2 position. In the eukaryotic pathway, 16-carbon FA, when pre-
sent, are found at the sn-1 position, and 18-carbon FA can be
esterified to either position (36). Although acyl positions have
only been tentatively assigned to the species identified by ESI-
MS/MS, some conclusions can nonetheless be drawn from re-
sults such as those presented in Figure 5. DGDG (and MGDG)
contained 36:6 (18:3,18:3) as the most abundant molecular
species (Fig. 5E); this points to the DAG moieties of these
lipids being synthesized via the eukaryotic pathway, since this
is the only mechanism by which 18-carbon acyl chains are
placed at both sn-1 and sn-2 positions. On the other hand, most
of the PG is likely to be synthesized by the prokaryotic path-
way, since the major molecular species of PG were 32:0 (16:0,
16:0) and 32:1 (16:0,16:1) (not shown).

In this same context, it is possible to deduce the scheme by
which the major phospholipid species are synthesized in cotton
fibers, and the EST occurrence supports the metabolic compart-
mentation scheme for PC (and PE) biosynthesis shown in Fig-
ure 6. As in most plant cell types, 16:0 and 18:1 FA are the
major FA synthesized in and exported from plastids to the ER
for complex lipid formation. These FA are incorporated via
CoA esters into the sn-1 and -2 position of G3P by G3P acyl-
transferase and LPA acyltransferase, respectively, to form PA.
Although not shown, 18:1 (or 18:0) could be incorporated into
either acyl position of PA. PA is dephosphorylated to yield
DAG, which is used for the synthesis of PC (and PE) via the
membrane-bound aminoalcohol phosphotransferase enzyme
with the appropriate CDP donor. The 18:1 acyl chains are mod-
ified by the ∆-12 (FAD2) and the ∆-15 (FAD3) desaturases to
yield 18:2 and 18:3 FA.

The principal molecular species of PC (16:0, 18:3) and PE
(16:0, 18:3) together were about 25 mol% of the total polar
lipid fraction (Figs. 5A and 5B). These two lipids are likely to
be the principal phospholipid components of both vacuole and
plasma membranes of expanding cotton fiber cells, and they
are most likely synthesized by cooperation between the plas-
tidial and ER compartments via the scheme shown in Figure 6.
Additional molecular species for these two lipid classes
wherein 18-carbon FA are at both positions (36:6, 36:5, 36:4,
36:3) together were the majority of the remaining molecular
species of both PC and PE, and these metabolites are likely to
be synthesized by the same machinery. EST for all of these en-
zymatic steps were identified, so the molecular informatics and
metabolite profiles are consistent for the major phospholipid
biosynthetic pathways in elongating cotton fiber cells.

The major molecular species of PI was 34:3, and the acyl-
glycerol backbone could be synthesized using the same ma-
chinery for the major PC species described above. Less clear is

how the headgroup of PI is incorporated into this glycerolipid
class. No EST were predicted to encode for PI synthase (or PS
synthase), which uses CDP:DAG as a precursor. The DAG
base could be derived from the PC or PE pathway, but the head-
group metabolism is unclear since no CDP:DAG transferase
EST were identified. This is somewhat surprising given the
particular abundance of PI in fiber cells, and may indicate that
these enzymes have rare or substantially diverged messages not
yet identified in these libraries, or that PI, PS, and perhaps even
PG are produced via alternative pathways in cotton fiber cells.

From the lipid metabolite data, it is possible to make some
predictions about how lipid metabolism may be directed in
fiber cells as they shift from the rapid elongation phase to the
maturation phase. For example, there was a significant reduc-
tion in PE 34:3 and PE 34:6, whereas there was an increase in
PE 34:2 and a slight increase in PE 34:5. A similar increase was
noted in PC 34:2 with a decrease in PC 36:6. These results sug-
gest a reduction in FAD3 activity during the maturation phase
and could impart a subtle change in membrane fluidity to fiber
cells.

By combining lipid metabolite data with EST profiles it may
be possible to identify lipid metabolic pathways important in
fiber cells that have not been appreciated previously. For ex-
ample, saturated FA such as 16:0 and 18:0 are important for
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FIG. 6. Summary scheme for the cellular compartmentation and pro-
posed pathway leading to the synthesis of PC 34:3 (16:0, 18:3), a major
glycerolipid molecular species in both elongating and maturing fiber
cells. The diagram is based on both metabolite profiles (Figs. 1–5) and
expressed sequence tag (EST) occurrences (numbers in parentheses) for
enzymes in these pathways (Table 1), and is consistent with the syn-
thetic pathways described for extraplastidial PC in other types of plant
cells (35). The FA are assembled de novo in the plastids of fiber cells
and exported to the endoplasmic reticulum (ER) for glycerolipid assem-
bly and subsequent modification (e.g., introduction of additional dou-
ble bonds). The acylglycerol base for other phospholipids, such as PE
and PI, can be synthesized using the same machinery. ACCase, acetyl-
CoA carboxylase; KAS, ketoacyl ACP synthase; FatA, FA thioesterase A;
FatB, FA thioesterase B; G3P, glycerol-3-phosphate; G3PAT, G3P acyl-
transferase; LPA, lysophosphatidic acid; LPAAT, LPA acyltransferase;
PAP, PA phosphatase; AAPT, aminoalcohol phosphotransferase; FAD,
FA desaturase. Numerical designations for FA represent total number of
acyl carbons:total numbers of double bonds.



membrane stability, but they also may be elongated to very
long-chain FA that serve as precursors for the biosynthesis of
surface components such as waxes (27,37). A major amount of
16:0 FA was detected in fibers at all stages of elongation and
maturation (Fig. 1). Moreover, an abundance of EST for FA
elongation and wax biosynthesis enzymes indicated that elon-
gating fibers may be actively involved in these processes and
would certainly require the necessary acyl chain precursors.

Lipid profiling and EST data suggest that sterol metabolism
may be important to cotton fiber development, as has been sug-
gested by others (11). ASG levels were higher in maturing fiber
cells than in elongating fiber cells (Fig. 3), and ASG is mostly
associated with plasma membranes (10,38,39). Others have im-
plicated SG in the biosynthesis of cellulose (11). EST were
identified for several sterol/SG enzymes in the elongating
fibers, and these represent excellent targets to test the impor-
tance of sterol-containing lipids in the shift of fiber cells from
the synthesis of primary to secondary cell walls.

Likewise, lipid profiling and EST data may suggest that
PLD plays a role in cotton fiber development. PLD EST were
quite prevalent in elongating fiber libraries, and the rapid, al-
beit artifactual, production of PA in frozen fiber cell extracts
suggests that there is a substantial capacity for PLD-mediated
phospholipid metabolism in fiber cells. It is possible that this
signifies that PLD has an important function in the normal de-
velopment of cotton fiber cells. PLD are thought to interact
with cytoskeletal filaments and to influence cell expansion
(40–42), and their role in membrane trafficking in mammalian
systems is well documented (43). Perhaps the results gleaned
from these lipidomics approaches will prompt additional mo-
lecular and biochemical experiments to characterize the impact
of surface lipids, sterol metabolism, lipid hydrolases, and the
like on the development of cotton fibers.

To our knowledge these studies represent the first attempt to
reconcile detailed lipid metabolite profiles and EST profiles
from DNA databases for this unusual and economically impor-
tant cell type. It is anticipated that these results will provide the
basis for continued efforts to understand the coordinated regu-
lation of cotton fiber development at the molecular, biochemi-
cal and physiological levels, and that this approach, originally
applied to Arabidopsis seeds (17), will encourage additional
efforts to integrate metabolic and genomics information to im-
prove our understanding of the importance of lipid metabolism
to plant cell growth and development.
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ABSTRACT: Fish oil-enriched diets increase n-3 FA in tissue
phospholipids; however, a similar effect by plant-derived n-3 FA
is poorly defined. To address this question, we determined mass
changes in phospholipid FA, individual phospholipid classes, and
cholesterol in the liver, heart, and brain of rats fed diets enriched
in flax oil (rich in 18:3n-3), fish oil (rich in 22:6n-3 and 20:5n-3),
or safflower oil (rich in 18:2n-6) for 8 wk. In the heart and liver
phospholipids, 22:6n-3 levels increased only in the fish oil group,
although rats fed flax oil accumulated 20:5n-3 and 22:5n-3.
However, in the brain, the flax and fish oil diets increased the
phospholipid 22:6n-3 mass. In all tissues, these diets decreased
the 20:4n-6 mass, although the effect was more marked in the
fish oil than in the flax oil group. Although these data do not pro-
vide direct evidence for 18:3n-3 elongation and desaturation by
the brain, they demonstrate that 18:3n-3-enriched diets reduced
tissue 20:4n-6 levels and increased cellular n-3 levels in a tissue-
dependent manner. We hypothesize, based on the lack of in-
creased 22:6n-3 but increased 18:3n-3 in the liver and heart, that
the flax oil diet increased circulating 18:3n-3, thereby presenting
tissue with this EFA for further elongation and desaturation.

Paper no. L9709 in Lipids 40, 787–798 (August 2005).

In recent years, many health benefits of n-3 FA have been
demonstrated (1,2). These benefits range from improved patient
responsiveness to Li+ treatment (3) to improvement in cardio-
vascular function (4). The premise that the n-3 FA EPA (20:5-
n-3) and DHA (22:6n-3) are beneficial stems from two general
lines of thought. (i) First, that n-3 FA esterified in membrane
phospholipids modulate the biophysical environment of the
membrane in such a way as to positively alter physiological
function. The membrane order regulates very important
processes such as signal transduction (5–7), release of synaptic

vesicles during synaptic transmission (8,9), and heart contrac-
tion (10). (ii) Second, that n-3 FA replace n-6 FA, arachidonic
acid (20:4n-6) in particular, thereby reducing the potential re-
lease of 20:4n-6 under basal conditions and during pathophysio-
logical insult. Mechanistically, this would effectively reduce the
basal levels of proinflammatory eicosanoids as well as reduce
levels released upon pathophysiological insult or during inflam-
matory conditions (11). To elevate n-3 cellular levels, it is neces-
sary to increase n-3 dietary intake because mammals are not able
to synthesize α-linolenic acid (18:3n-3), the precursor of the n-3
family. The accretion of higher-chain n-3 in tissue phospholipids
may be dependent on the particular n-3 FA that is provided in the
diet, e.g., 18:3n-3 or 20:5n-3/22:6n-3.

Two metabolic pathways for 18:3n-3 have been demon-
strated. The β-oxidation pathway is considered the major cata-
bolic route, as 60–85% of 18:3n-3 goes through this pathway
(12,13). However, it is important to note that similar levels of
β-oxidation occur with dietary 22:6n-3 (65%) and n-6 FA
(50%) (13). Thus, the current idea that dietary 18:3n-3 is β-
oxidized to a much greater extent than other dietary FA should
be reexamined.

The second fate is the elongation and desaturation of 18:3-
n-3 to 20:5n-3, 22:5n-3 (docosapentaenoic acid), and 22:6n-3.
A number of studies in mammals demonstrate the effective
conversion of 18:3n-3 into 20:5n-3 and 22:5n-3, including
studies in rats (14,15), hamsters (16), guinea pigs (17), piglets
(18), baboons (19), and humans (20,21). More controversial is
the effectiveness of the conversion and accumulation of 22:6n-3
from dietary 18:3n-3 (22). Rats fed diets enriched in 18:3n-3
have a significant accumulation of 22:6n-3 in the brain com-
pared with controls (17,23). Other studies with similar diets did
not demonstrate an accumulation of 22:6n-3 in different rat
body compartments (14) or in human plasma (21). Because a
number of variables can modulate the efficiency of 18:3n-3
conversion to 22:6n-3, including the amount of 18:3n-3 in-
gested (16), the n-3 to n-6 ratio in the diet (23), and the dietary
background of the animals prior to the study (15), it is impor-
tant to compare, in a single study, the effects flax oil and fish
oil diets on tissue n-3 accretion.

Western diets have considerably reduced the consumption
of n-3 PUFA in favor of n-6 PUFA (24,25). There have been
great efforts to promote fish oil incorporation into the Western
diets, since it is considered the best source of 20:5n-3 and
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22:6n-3. However, because there is a geographical restriction
on the availability of marine sources of n-3 FA, plant-derived
n-3 sources (rich in 18:3n-3) have wider availability. Hence, it
is critical to have a more complete understanding of 18:3n-3
metabolism and the effectiveness of 18:3n-3 to enhance tissue
20:5n-3 and 22:6n-3 levels as compared with the effects of fish
oil on the accretion of these same FA.

To address this question, we determined the effect of flax oil
(rich in 18:3n-3) and fish oil (rich in 20:5n-3 and 22:6n-3) on
the liver, heart, and brain phospholipid mass and phospholipid
acyl chain mass using standard lipid analytical techniques. In
both groups, 20:4n-6 mass was decreased in each tissue, al-
though the magnitude of the reduction was less in the flax
group than in the fish group. These results clearly indicate that
18:3n-3 was elongated, desaturated, and accumulated and that
these processes were highly tissue dependent.

MATERIALS AND METHODS

Animals. Four-month-old male, Sprague-Dawley rats, previ-
ously maintained on an n-3 FA-sufficient diet (18:3n-3, 7.0%
total FA), were randomly assigned to diets containing either
safflower oil (n = 5/group), flax oil (n = 5/group), or fish oil (n =
5/group). Rats were housed under a 12-h light–dark cycle and
had free access to diets and water. Following 8 wk of feeding,
the rats were euthanized with CO2, and the brains, hearts, and
livers were rapidly removed and frozen in liquid nitrogen. All
procedures were approved by the University of Texas Animal
Use and Care Committee.

Diets. Diet ingredients were purchased from Dyets, Inc.
(Bethlehem, PA), prepared fresh each week and maintained at
4°C. Isocaloric diets were designed to meet the nutritional re-
quirements of rats as determined by the American Institute of
Nutrition (26). Diets contained 200 g/kg soy protein, 300 g/kg
dextrose, 310 g/kg cornstarch, 35 g/kg cellulose, 100 g/kg lipid,
2 g/kg choline, 1.5 g/kg DL-methionine, 1.5 g/kg L-cysteine,
1.3 g/kg α-tocopherol, 1.2 g/kg γ-tocopherol, 1 g/kg TBHQ, 35
g/kg mineral mix (AIN-93M-MX), and 15 g/kg vitamin mix
(AIN-93-VX). The composition of the vitamin and mineral mix
has been reported in detail elsewhere (26). Rats were fed one
of three semipurified diets differing only in lipid content: (i)
10% w/w safflower oil (safflower) enriched in linoleic acid, (ii)
3% safflower plus 7% flaxseed oil (flax) enriched in 18:3n-3,
and (iii) 3% safflower plus 7% fish oil (fish) enriched in 20:5n-3
and 22:6n-3 (Table 1).

Lipid extraction. Tissues were pulverized under liquid ni-
trogen temperatures to a fine homogeneous powder, and lipids
were extracted using n-hexane/2-propanol (3:2 vol/vol) (27,28).
Tissue extracts were centrifuged at 1,000 × g to pellet debris.
The lipid containing the liquid phase was decanted and stored
under nitrogen at −80°C until analysis.

TLC. Individual phospholipid classes and neutral lipids
were separated by TLC. Whatman silica gel-60 plates (20 × 20
cm, 250 µm) were heat-activated at 110°C for 1 h, and samples
were streaked onto the plates. Phospholipids were separated
using chloroform/methanol/acetic acid/water (55:37.5:3:2 by

vol) (29). This method separates all the major phospholipids.
Neutral lipids were separated in petroleum ether/diethyl
ether/acetic acid (75:25:1.3 by vol) (30). This solvent system
resolves cholesteryl esters, DAG, nonesterified FA, and TAG.
Lipid fractions were identified using authentic standards
(Doosan-Serday, Englewood Cliffs, NJ, and Nu-Chek-Prep,
Elysian, MN).

Plasmalogen analysis. The plasmalogen mass was deter-
mined following separation of individual phospholipid classes
in the heart and brain lipid extracts by HPLC (31). One-half of
the choline glycerophospholipid (ChoGpl) and ethanolamine
glycerophospholipid (EtnGpl) fractions were dried under nitro-
gen and subjected to mild acidic hydrolysis followed by sepa-
ration using HPLC (32). The proportion of plasmalogen deter-
mined following this separation was used to calculate the plas-
malogen mass using the EtnGpl and ChoGpl masses determined
following separation by TLC, as reported above.

Phosphorus and cholesterol assay. The phospholipid mass
was determined by assaying for the lipid phosphorus content
of individual lipid classes separated by TLC as described above
(33). The cholesterol and cholesteryl ester masses were assayed
using an iron-binding assay after separation by TLC as de-
scribed previously (34).

FA analysis. The ChoGpl, EtnGpl, phosphatidylinositol (Ptd-
Ins), and phosphatidylserine (PtdSer) fractions were subjected to
base-catalyzed transesterification, converting the phospholipid
acyl chains to FAME. To each fraction, 2 mL of 0.5 M KOH dis-
solved in anhydrous methanol was added (35). FAME were ex-
tracted from the methanol using 2 mL of n-hexane, and the n-
hexane phase containing the FAME was removed. The lower
phase was reextracted two more times with 3 mL of n-hexane,
and these washes were combined with the original aliquot.

Individual FA were separated by GLC using an SP-2330
column (0.32 mm i.d. × 30 m length) and a Trace GLC (Ther-
moElectron, Austin, TX) equipped with dual autosamplers and
dual FID. FA were quantified using a standard curve from com-
mercially purchased standards (Nu-Chek-Prep) and 17:0 was
used as the internal standard.
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TABLE 1
FA Composition of the Experimental Dietsa

% Total FA

FA Safflower oil Flax oil Fish oil

14:0 — — 12.43
16:0 — 4.89 20.03
16:1n-7 ND ND 13.77
18:0 1.56 1.65 2.04
18:1n-9 13.19 14.46 8.71
18:2n-6 78.95 22.29 17.53
18:3n-3 Trace 56.71 ND
20:5n-3 — — 13.63
22:6n-3 — — 11.85
aThe three experimental groups were 10% (w/w) safflower oil, 7% flax oil
plus 3% safflower oil, and 7% fish oil plus 3% safflower oil. Safflower was
added to the flax and fish oil diets as a source of linoleic acid to prevent EFA
deficiency. ND, not detected. Additional information regarding the compo-
sition of these diets is provided in the Materials and Methods section.



Statistics. Statistical analysis was done using Instat2 from
GraphPad (San Diego, CA). Statistical significance was assessed
using one-way ANOVA and the Student–Newman–Keuls post-
test, with P < 0.05 considered to be statistically significant.

RESULTS

Effect of n-3 dietary PUFA on individual phospholipid masses.
The total phospholipid mass was not altered as a function of
diet in any of the three tissues analyzed; however, some indi-
vidual phospholipid classes were changed (Table 2). In rats fed
fish oil, the liver EtnGpl mass was decreased 23% and the
sphingomyelin (CerPCho) mass was increased 1.1-fold as com-
pared with the control (see the Materials and Methods section).
In hearts, the EtnGpl mass was decreased 19% in the fish oil
group, whereas in this same group the CerPCho and phospha-
tidic acid (PtdOH) masses were increased 1.3- and 1.6-fold, re-
spectively, as compared with the control (safflower oil). In the
flax oil group, the heart PtdSer mass was decreased 23% as
compared with the control. In the brain, the Ptd2Gro and PtdIns
masses were decreased 33 and 10%, respectively, in the flax oil
group, whereas the PtdOH and PtdIns masses were increased

1.5- and 1.1-fold, respectively, in the fish oil group. Hence,
there were subtle changes in individual phospholipid masses
induced by flax oil or fish oil feeding that differed depending
on the tissue analyzed.

Effect of n-3 dietary PUFA on phospholipid subclasses. The
brain and heart have considerable amounts of ethanolamine
(PlsEtn) and choline plasmalogens (PlsCho) (36–39), and fish
oil diets may increase the plasmalogen mass (40). We did not
find any significant difference in brain plasmalogens between
groups (Table 3); however, the heart PlsEtn mass was de-
creased by 25% in the fish oil group, but PlsCho was un-
changed. These results indicate a moderate effect of dietary
n-3 FA on modulating the heart plasmalogen mass.

Effect of n-3 dietary PUFA on cholesterol levels. Cholesterol
is an important component of the membranes, and its content
may be affected by changes in dietary FA (41). In the liver, the
cholesterol mass was not affected in the flax oil group, whereas
it was decreased by 21% in the fish oil group (Table 4). This
change in cholesterol mass caused a significant 25% decrease
in the cholesterol-to-phospholipid ratio. In the fish oil group,
the heart cholesterol mass was decreased by 10%, but this
change did not alter the cholesterol-to-phospholipid ratio. In
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TABLE 2
Phospholipid Mass Changes in Brain, Heart, and Liver Tissuesa

Safflower oil Flax oil Fish oil
(nmol/g ww) (nmol/g ww) (nmol/g ww)

Mean SD Mean SD Mean SD

Liver
CerPCho 3032 265 3,084 185 3,390 169*,**
ChoGpl 13,788 1,075 14,050 1,312 14,530 711
PtdSer 800 71 830 68 807 100
PtdIns 2,010 177 2,200 220 2,278 317
EtnGpl 4,285 548 3,809 351 3,300 385*
PtdOH 536 31 463 67 594 129
Ptd2Gro 1,473 121 1,641 161 1,639 53
Total 25,428 1,592 26,120 2,245 26,537 1,348

Heart
CerPCho 2,326 195 2,221 178 3,032 279*,**
ChoGpl 9,439 211 9,063 511 8,984 559
PtdSer 737 49 564 56* 745 66**
PtdIns 1,023 51 955 93 1,029 87
EtnGpl 6,089 513 6,322 314 4,930 699*,**
PtdOH 276 21 296 32 432 36*,**
Ptd2Gro 1,639 71 1,623 110 1,649 265
Total 20,614 1,131 20,704 1,609 20,542 1,293

Brain
CerPCho 7,049 326 7,545 263 7,062 381
ChoGpl 20,048 1,038 20,253 753 20,850 579
PtdSer 6,046 985 5,977 424 6,390 416
PtdIns 2,340 160 2,086 167* 2,577 131*,**
EtnGpl 16,479 3,568 16,596 647 16,424 1,893
PtdOH 1,722 243 1,689 102 2,606 160*,**
Ptd2Gro 1,430 106 956 102* 1,373 53**
Total 55,000 4,868 55,351 2,695 57,131 3,092

aValues are expressed as mass (nmol/g ww) and represent mean ± SD, n = 4–5. The asterisk (*) indicates a significant effect
of the experimental oils (flax and fish) as compared with the control (P < 0.05), and the double asterisk (**) indicates a sig-
nificant effect of the fish oil vs. flax oil. CerPCho, sphingomyelin; ChoGpl, choline glycerophospholipids; PtdSer, phos-
phatidylserine; PtdIns: phosphatidylinositol; EtnGpl, ethanolamine glycerophospholipids; PtdOH, phosphatidic acid;
Ptd2Gro, cardiolipin.



the flax oil group, the brain cholesterol mass was decreased by
17%; consequently, the cholesterol-to-phospholipid ratio was
decreased by 17%. In the fish oil group, the brain cholesterol
and the cholesterol-to-phospholipid ratio were unchanged.

Effect of n-3 dietary PUFA on the FA mass. The dietary FA
content markedly affected the FA mass of EtnGpl, ChoGpl,
PtdSer, and PtdIns from the brain, heart, and liver. However,
dietary modulation can enhance the formation of other FA not
normally found in tissues. For instance, an increase in the
22:5n-6 (docosapentaenoic acid n-6) mass is indicative of n-3
FA-deficient diets (42,43). In the safflower oil group (control),
the total brain phospholipids contained a minor amount of
22:5n-6 (0.7% of total FA), similar to that reported for the n-3-
sufficient control diets, where 22:5n-6 comprised 0.5 to 0.9%
of the total brain phospholipid FA (42,43). Thus, using this pa-
rameter, our control group was considered adequate in n-3 FA.
Similarly, the absence of 20:3n-9 (Mead acid) indicates that
these diets did not produce n-6-deficient rats.

Liver FA changes. The flax oil group accumulated 22:6n-3
only in PtdSer (1.8-fold), but accumulated 20:5n-3 and 22:5n-3
at levels similar to or even higher than those in the fish oil
group in the four phospholipid classes (Table 5). In addition,
18:3n-3 was accumulated in EtnGpl and ChoGpl. The arachi-
donic acid (20:4n-6) mass was decreased by 48% in EtnGpl,
51% in ChoGpl, and 27% in PtdSer but was unaltered in Ptd-
Ins. In the fish oil group, 22:6n-3 accumulated in the four in-
dividual phospholipid classes (Table 5). The DHA mass was
increased 3.0-fold in EtnGpl, 4.4-fold in ChoGpl, 5.0-fold in
PtdSer, and 2.2-fold in PtdIns. Consequently, there was a large
reduction in 20:4n-6 in each of these phospholipids. In EtnGpl,
the reduction was significantly larger than that observed in the
flax oil group, 74% vs. 48%. The decrease was lower but still
considerable in ChoGpl (56%), PtdSer (49%), and PtdIns
(32%). In EtnGpl, the linoleic acid (18:2n-6) mass was de-
creased by 50%, which is important because it is the precursor
for 20:4n-6. In summary, the flax oil diet increased the 18:3n-3,
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TABLE 3
Plasmalogen Mass Changes in Heart and Brain Tissuesa

Safflower oil Flax oil Fish oil
(nmol/g ww) (nmol/g ww) (nmol/g ww)

Mean SD Mean SD Mean SD

Heart
PakEtn + PtdEtn 4,246 382 5,083 489* 3,329 572*,**
PlsEtn 1,664 244 1,409 107 1,249 267*
PakCho + PtdCho 8,408 663 7,764 1,131 8,364 424
PlsCho 717 158 642 148 7,35 135

Brain
PakEtn + PtdEtn 7,452 1,501 7,777 491 7,818 798
PlsEtn 9,027 2,077 8,818 427 8,605 1,118
PakCho + PtdCho 18,250 1,864 18,091 277 18,741 364
PlsCho 1,797 993 2,162 665 2,109 394

aValues are expressed as mass (nmol/g ww) and represent mean ± SD, n = 4–5, for each experimental oil. The asterisk (*)
indicates a significant effect of the experimental oils (flax and fish) as compared with the control (P < 0.05), and the double
asterisk (**) indicates a significant effect of the fish oil vs. flax oil. PakEtn, 1-O-alkyl-2-acyl-sn-glycero-3-phospho-
ethanolamine; PtdEtn, phosphatidylethanolamine; PlsEtn, 1-O-alkyl-1′-enyl-2-acyl-sn-glycero-3-phosphoethanolamine;
PakCho, 1-O-alkyl-2-acyl-sn-glycero-3-phosphocholine; PtdCho, phosphatidylcholine; PlsCho, 1-O-alkyl-1′-enyl-2-acyl-
sn-glycero-3-phosphocholine.

TABLE 4
Cholesterol Mass Changes in Liver, Heart, and Brain Tissuesa

Safflower oil Flax oil Fish oil
Mean SD Mean SD Mean SD

Cholesterol mass (nmol cholesterol/g ww)

Liver 5,147 357 4,867 334 4,075 332*,**
Heart 4,308 334 4,053 152 3,849 122*
Brain 42,159 3,584 35,262 807* 45,655 3,545**

Cholesterol/phospholipid ratio

Liver 0.20 0.02 0.19 0.01 0.15 0.01*,**
Heart 0.21 0.01 0.20 0.02 0.19 0.02
Brain 0.80 0.03 0.66 0.02* 0.79 0.03**
aValues are expressed as mass (nmol/g ww) and represent mean ± SD, n = 4–5, for each experimental oil. The asterisk (*)
indicates a significant effect of the experimental oils (flax and fish) as compared with the control (P < 0.05), and the double
asterisk (**) indicates a significant effect of the fish oil vs. flax oil.
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TABLE 5
Effects of Diets on n-3 FA Masses in Individual Phospholipid Classes in Rat Liver Tissuea

Safflower oil Flax oil Fish oil
FA Mean SD Mean SD Mean SD

EtnGpl (nmol/g ww)
16:0 1,871 287 1,378 97* 1,576 199*
18:0 2,167 215 1,989 148 1,552 229*,**

Total saturated 4,038 490 3,367 232* 3,128 420*
18:1n-9 287 50 355 78 127 20*,**
18:1n-7 310 59 196 47* 149 25*

Total MUFA 597 90 551 125 276 40*,**
18:2n-6 784 130 837 171 380 84*,**
20:4n-6 2,401 358 1,255 185* 611 112*,**
22:5n-6 138 18 6 1* 20 2*

Total n-6 PUFA 3,443 483 2,098 343* 1,011 192*,**
18:3n-3 ND — 146 23* ND —
20:5n-3 ND — 502 64* 453 102*
22:5n-3 126 33 455 19* 299 65*,**
22:6n-3 493 116 504 18 1,453 60*,**

Total n-3 PUFA 619 124 1,607 100* 2,205 152*,**
n-3/n-6 ratio 0.18 0.03 0.77 0.07* 2.18 0.38*,**

ChoGpl (nmol/g ww)
16:0 8,031 679 7,912 643 9,933 540*,**
18:0 4,372 325 4,747 593 4,082 308

Total saturated 12,403 941 12,659 1,116 14,015 775*,**
16:1 392 53 300 67* 619 30*,**
18:1n-9 836 107 1,306 156* 961 74**
18:1n-7 944 115 669 131* 730 70*

Total MUFA 2,172 142 2,275 341 2,310 41
18:2n-6 4,180 323 6,198 793* 3,869 253**
20:3n-6 175 29 227 24 241 22
20:4n-6 7,654 590 3718 557* 3,337 231*
22:5n-6 151 16 6 2* 33 2*

Total n-6 PUFA 12,160 822 10,149 1,324* 7,480 477*,**
18:3n-3 ND — 517 53* ND —
20:5n-3 ND — 1,315 220* 2,100 151*,**
22:5n-3 79 14 449 35* 427 80*
22:6n-3 627 47 771 116 2,789 320*,**

Total n-3 PUFA 706 61 3,052 393* 5,316 321*,**
n-3/n-6 ratio 0.06 0.01 0.30 0.04* 0.71 0.06*,**

PtdSer (nmol/g ww)
16:0 276 26 222 41* 251 21
18:0 877 93 868 68 786 95

Total saturated 1,153 112 1,090 102 1,037 97
18:2n-6 88 10 98 18 78 10
20:4n-6 314 80 230 37* 159 47*
22:5n-6 16 6 3 0* 7 2*,**

Total n-6 PUFA 418 86 331 47 244 56*,**
20:5n-3 ND — 60 17* 45 6*,**
22:5n-3 ND — 99 33* 71 22*
22:6n-3 45 15 82 20* 224 33*,**

Total n-3 PUFA 45 15 241 49* 340 54*,**
n-3/n-6 ratio 0.11 0.03 0.73 0.09* 1.39 0.17*,**

Ptdlns (nmol/g ww)
16:0 474 77 529 68 469 100
18:0 1,746 195 2,378 455* 1,690 362**

Total saturated 2,220 226 2,907 517* 2,159 460**
18:1n-7 62 15 119 25* 48 11**

Total MUFA 62 15 119 25* 48 11**
18:2n-6 146 30 218 40* 107 25**
20:3n-6 60 30 135 24* 91 27**
20:4n-6 1,385 138 1,625 449 945 196*,**

Total n-6 PUFA 1,591 164 1,978 501 1,143 240**
20:5n-3 ND — 98 27* 71 17*,**
22:5n-3 ND — 164 41* 128 37*
22:6n-3 146 79 182 38 327 108*,**

Total n-3 PUFA 146 79 444 80* 526 156*
n-3/n-6 ratio 0.10 0.06 0.22 0.01* 0.46 0.06*,**
aValues are expressed as mass (nmol/g ww) and represent mean ± SD, n = 4–5, for each experimental oil. The asterisk (*)
indicates a significant effect of the experimental oils (flax and fish) as compared with the control (P < 0.05), and the double
asterisk (**) indicates a significant effect of the fish oil vs. flax oil. For abbreviations see Tables 1 and 2.



20:5n-3, and 22:5n-3 masses, whereas the fish oil diet increased
the 20:5n-3, 22:5n-3, and 22:6n-3 masses; both lowered 20:4-
n-6, although the effect was more marked in the fish oil group
than in the flax oil group.

Although large changes were not found in saturated FA in
ChoGpl, PtdSer, and PtdIns, the total saturated mass was de-
creased by 20% in EtnGpl in both experimental diets. In the
fish oil group, the total MUFA mass decreased by 54% in Etn-
Gpl, whereas in the flax oil group, it was increased 1.9-fold in
PtdIns. Although the total PUFA mass (i.e., n-3 plus n-6 FA
mass) was not altered by the diet, there were robust changes in
the n-3 to n-6 ratio in all the individual phospholipid classes.
The increase was higher in the fish oil than in the flax oil group,
particularly in EtnGpl (12-fold vs. 4.3-fold), ChoGpl (12-fold
vs. 5-fold), and PtdSer (12.6-fold vs. 6.6-fold) and to a lesser
degree in PtdIns (4.6-fold vs. 2.2-fold).

Heart FA changes. The pattern of changes in the FA mass
of heart tissue was similar to those observed in the liver tissue
(Table 6). In the flax oil group, the 22:6n-3 mass was not in-
creased in any of the phospholipid classes analyzed. Nonethe-
less, the 20:4n-6 mass was decreased by 33% in ChoGpl and
55% in PtdSer in the flax oil group. Interestingly, this group
had increased the 22:5n-3 and 20:5n-3 masses above those ob-
served in the fish oil group. Similar to the liver, 18:3n-3 was
accumulated in EtnGpl and ChoGpl in the flax oil group. In the
fish oil group, the 22:6n-3 mass was increased in all the phos-
pholipid classes, 2.4-fold in EtnGpl, 5.4-fold in ChoGpl, 2.1-
fold in PtdSer, and 3.7-fold in PtdIns. Consistent with this in-
crease in the 22:6n-3 mass, the 20:4n-6 mass was dramatically
decreased by 73% in EtnGpl, 31% in ChoGpl, and 46% in
PtdSer. In addition, the 18:2n-6 mass was decreased by 71% in
EtnGpl and 44% in ChoGpl. Therefore, in the heart tissue, the
flax oil diet increased the 18:3n-3, 20:5n-3, and 22:5n-3
masses, whereas the fish oil diet increased the 20:5n-3, 22:5n-3,
and 22:6n-3 masses. Thus, both experimental diets provoked
an increase in the total n-3 FA mass. Conversely, the fish oil
diet, and to a lesser extent the flax oil diet, reduced the total n-6
FA mass.

There were no significant changes in the saturated and mono-
unsaturated FA masses in any of the individual phospholipid
classes as a function of diet, except in the fish oil group, where
the EtnGpl 18:1n-9 (oleic acid) mass was reduced by 45%. The
total PUFA mass was not altered by the experimental diets, al-
though very important changes occurred in the n-3 to n-6 ratio.
Similar to the liver, these changes were more profound in the fish
oil than in the flax oil group. The flax oil diet increased the n-3
to n-6 ratio in the four phospholipid classes between 2- and 3-
fold, whereas it was increased 5- to 10-fold in the fish oil group.

Brain FA changes. Both experimental diets increased the
mass of n-3 FA (Table 7), with a marked increase in 22:6n-3.
In the flax oil group, the 22:6n-3 mass in EtnGpl and ChoGpl
was increased 1.2-fold, and 22:5n-3 was accumulated in Etn-
Gpl, ChoGpl, and PtdSer. In the same group, the 20:4n-6 mass
was reduced by 12% in ChoGpl but was not affected in the rest
of the individual phospholipid classes analyzed. In the fish oil
group, the 22:6n-3 mass was increased 1.4-fold in EtnGpl and

ChoGpl, 1.3-fold in PtdSer, and 1.5-fold in PtdIns. There was
an accumulation of 22:5n-3 similar to that observed in the flax
oil group. The 20:4n-6 mass was reduced by 25% in EtnGpl
and 17% in ChoGpl. Interestingly, the 20:4n-6 mass in PtdIns
was increased 1.2-fold in the fish oil group. Thus, the flax oil
and fish oil diets increased the 22:5n-5 and 22:6n-3 masses, in-
creasing the total n-3 FA in brain tissue. The total mass of n-6
FA was reduced in both experimental groups, but to a greater
extent in the fish oil group than in the flax oil group.

No major changes occurred in the total saturated and unsat-
urated FA masses in any of the four phospholipid classes ana-
lyzed. The total PUFA mass was not altered, although the n-3-
to-n-6 ratio was increased 1.5- to 2.0-fold by either diet in Etn-
Gpl, ChoGpl, and PtdSer.

DISCUSSION

At present, at least four possible mechanisms for the positive
effects of n-3 FA on health have been proposed, including: (i)
alteration of the membrane order; (ii) substitution of n-3 FA for
n-6 FA and, consequently, a decrease in the production of pro-
inflammatory derivatives; (iii) alteration of the gene expres-
sion; and (iv) direct generation of second messengers (44–47).
None of these provides a mechanism of action for a particular
FA that would exclude the rest. Hence, the accumulation of
18:3n-3 or any of its conversion products, 20:5n-3, 22:5n-3,
and 22:6n-3, might have potentially beneficial effects on health.

In human trials, plant-derived n-3 FA have demonstrated
beneficial effects on health. Diets enriched in 18:3n-3 reduce
cardiovascular risk factors (48), decrease the estimated risk of
ischemic heart disease (49), and lower plasma TAG concentra-
tions (50). However, these diets do not increase 22:6n-3 con-
tent in the plasma (21,51), membrane erythrocytes (21), and
neutrophils (20). This lack of 22:6n-3 accumulation and the
high estimated percentage lost in β-oxidation (12,52) are the
main arguments used to challenge the health benefits of 18:3n-3-
enriched diets. However, it is important to note that dietary FA,
including 22:6n-3, are oxidized to a similar extent as 18:3n-3
(13).

In this study, we showed that increased dietary 18:3n-3 in-
take leads to a significant accumulation of the 18:3n-3, 20:5n-3,
and 22:5n-3 masses in heart and liver phospholipids, but 22:6n-
3 was not increased. Depending on the tissue and phospholipid
class, the accumulation of 18:3n-3, 20:5n-3, and 22:5n-3 was
higher in the flax group than in rats fed fish oil. These results
are in agreement with other studies in different mammals fed
18:3n-3-enriched diets in which 18:3n-3 is efficiently con-
verted to 22:5n-3, but none of them show an accumulation of
22:6n-3 (14–18). In our study, 22:6n-3 was accumulated in the
liver and heart only in the fish oil diet group, where the phos-
pholipid 22:6n-3 mass was dramatically increased (Tables 5,
6). Because 18:3n-3 is not converted to 22:6n-3 in the plasma,
but rather is found as 18:3n-3, 20:5n-3, and 22:5n-3 (15,
16,21,48,51), our findings suggest that the FA compositions of
the liver and heart more closely reflect the FA composition of
the plasma compartment.
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TABLE 6
Effects of Diets on n-3 FA Masses in Individual Phospholipid Classes in Rat Heart Tissuea

Safflower oil Flax oil Fish oil
Mean SD Mean SD Mean SD

EtnGpl (nmol/g ww)
16:0 661 50 806 125 661 134
18:0 3,123 298 3,678 392* 2,460 403*,**

Total saturated 3,784 317 4,484 511* 3,121 534*,**
18:1n-9 381 26 614 46* 169 43*,**
18:1n-7 240 8 225 18 174 33

Total MUFA 621 32 839 63* 343 75*,**
18:2n-6 1,361 183 1,297 152 395 90*,**
20:4n-6 2,728 308 2,574 95 742 181*,**
22:5n-6 271 55 18 5* 58 13*

Total n-6 PUFA 4,360 476 3,889 216 1,195 282*,**
18:3n-3 ND — 159 20* ND —
20:5n-3 ND — 115 7* 180 36*,**
22:5n-3 212 25 774 204* 274 83**
22:6n-3 1,252 201 1,332 191 2,987 467*,**

Total n-3 PUFA 1464 219 2,380 312* 3,441 557*,**
n-3/n-6 ratio 0.34 0.04 0.61 0.06* 2.87 0.26*,**

ChoGpl (nmol/g ww)
16:0 3,603 309 3,075 534 4,168 360**
18:0 4,190 389 4,551 626 4,333 530

Total saturated 7,793 600 7,626 1,138 8,501 858
16:1 69 16 36 7* 138 18*,**
18:1n-9 679 87 865 133* 535 61*,**
18:1n-7 833 75 624 91* 895 129**

Total MUFA 1,581 173 1,525 221 1,568 183
18:2n-6 3,568 592 3,402 539 1,984 325*,**
20:4n-6 4,049 380 2,701 332* 2,807 330*
22:5n-6 66 14 8 2* 40 6*,**

Total n-6 PUFA 7,683 611 6,111 840* 4,831 652*,**
18:3n-3 ND — 253 41* ND —
20:5n-3 ND — 102 14* 441 81*,**
22:5n-3 101 17 523 144* 392 47*,**
22:6n-3 442 84 413 75 2,401 212*,**

Total n-3 PUFA 543 99 1,290 203* 3,249 327*,**
n-3/n-6 ratio 0.07 0.01 0.21 0.03* 0.67 0.06*,**

PtdSer (nmol/g ww)
16:0 73 19 69 14 136 39*,**
18:0 803 56 623 59 756 171

Total saturated 876 55 692 80 892 190
18:1n-7 73 6 75 6 78 18

Total MUFA 73 6 75 6 78 18
18:2n-6 115 16 78 10* 92 31
20:4n-6 214 28 97 18* 116 24*
22:5n-6 63 17 ND — 14 1*,**

Total n-6 PUFA 392 46 175 18* 222 55*
22:5n-3 ND — 86 6* 117 45*
22:6n-3 170 21 95 28 355 97*,**

Total n-3 PUFA 170 21 181 26 472 129*,**
n-3/n-6 ratio 0.43 0.05 1.03 0.06* 2.13 0.26*,**

Ptdlns (nmol/g ww)
16:0 280 33 223 35* 293 53**
18:0 660 81 655 101 701 76

Total saturated 940 75 878 123 994 80
18:1n-9 87 17 118 10* 84 10**
18:1n-7 125 11 91 19* 143 10**

Total MUFA 212 23 209 28 231 7
18:2n-6 224 39 174 28* 173 10*
20:4n-6 492 33 446 56 410 70
22:2n-6 101 37 96 49 55 3

Total n-6 PUFA 817 55 716 68 721 154
18:3n-3 ND — 23 4* ND —
22:5n-3 ND — 44 12* 36 11*
22:6n-3 29 9 39 12 1,039 251*,**

Total n-3 PUFA 29 9 106 23* 158 41*,**
n-3/n-6 ratio 0.04 0.01 0.15 0.02* 0.22 0.03*,**
aValues are expressed as mass (nmol/g ww) and represent mean ± SD, n = 4–5, for each experimental oil. The asterisk (*)
indicates a significant effect of the experimental oils (flax and fish) as compared with the control (P < 0.05), and the double
asterisk (**) indicates a significant effect of the fish oil vs. flax oil. For abbreviations see Tables 1 and 2.
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TABLE 7
Effects of Diets on n-3 FA Masses in Individual Phospholipid Classes in Rat Brain Tissuea

Safflower oil Flax oil Fish oil
Mean SD Mean SD Mean SD

EtnGpl (nmol/g ww)
16:0 1,464 275 1,512 63 1,333 152
18:0 5,254 941 5,156 211 4,906 376
20:0 92 38 64 10 68 23

Total saturated 6,810 1,224 6,732 214 6,307 496
18:1n-9 5,003 1,345 5,304 298 5,546 1,326
18:1n-7 1,902 587 1,909 120 1,728 396
20:1n-9 1,039 389 993 169 898 206

Total MUFA 7,944 2,317 8,206 445 8,172 1,839
18:2n-6 113 26 132 6 94 15**
20:3n-6 112 29 109 11 119 16
20:4n-6 3,465 608 3,030 172 2,608 254*
22:4n-6 1,418 303 1,161 88 989 128*
22:5n-6 314 62 115 8* 109 19*

Total n-6 PUFA 5,422 1,010 4,547 244 3,919 401*
20:5n-3 ND — ND — ND —
22:5n-3 ND — 190 10* 214 24*,**
22:6n-3 4,073 628 4,778 402* 5,574 298*,**

Total n-3 PUFA 4,073 628 4,968 408* 5,788 319*,**
n-3/n-6 0.75 0.04 1.09 0.06* 1.47 0.08*,**

ChoGpl (nmol/g ww)
16:0 17,471 1,350 17,314 867 18,086 1,100
18:0 5,238 393 5,309 259 5,407 168

Total saturated 22,709 1297 22,623 747 23,493 949
16:1 170 22 161 12 214 15*,**
18:1n-9 8,159 691 8,270 321 8,958 374**
18:1n-7 2,501 210 2,480 82 2,596 169
20:1n-9 423 78 432 43 438 104

Total MUFA 11,253 982 11,343 437 12,206 626
18:2n-6 407 22 493 34* 360 14*,**
20:4n-6 2,458 238 2,157 59* 2,041 80*
22:4n-6 243 27 199 16* 152 15*,**
22:5n-6 91 11 21 4* 21 5*

Total n-6 PUFA 3,199 290 2,870 108 2,574 215*,**
22:5n-3 ND — 102 51* 106 79*
22:6n-3 1,157 108 1,351 89* 1,673 79*,**

Total n-3 PUFA 1,157 108 1,453 134* 1,779 131*,**
n-3/n-6 0.36 0.04 0.51 0.03* 0.70 0.06*,**

PtdSer (nmol/g ww)
16:0 177 37 165 37 147 17
18:0 5,656 860 5,216 268 5,499 291
20:0 62 17 51 4 65 18
22:0 93 21 70 9 93 26

Total saturated 5,988 951 5,502 284 5,804 317
18:1n-9 2,270 512 2,338 180 2,578 445
18:1n-7 310 77 300 21 330 77
20:1n-9 371 135 328 48 314 64
22:1n-9 71 23 43 24 71 21

Total MUFA 3,022 754 3,009 224 3,293 699
20:4n-6 408 108 354 29 332 33
22:4n-6 361 64 297 17* 251 30*
22:5n-6 238 44 95 14* 98 12* 

Total n-6 PUFA 1,007 205 746 33* 681 70*
20:5n-3 ND — ND — ND —
22:5n-3 ND — 69 8* 72 11*
22:6n-3 2,149 288 2,437 184 2,826 326*

Total n-3 PUFA 2,149 288 2,506 190* 2,898 335*
n-3/n-6 2.13 0.25 3.36 0.67* 4.26 0.62*

Ptdlns (nmol/g ww)
16:0 418 101 423 96 478 36
18:0 1,781 270 1,517 137* 1,904 83**

Total saturated 2,199 317 1,940 169 2,382 117**
18:1n-9 204 38 216 11 262 26*,**
18:1n-7 90 18 91 7 113 14**

Total MUFA 294 55 307 17 375 40*,**
20:4n-6 1,730 252 1,726 167 2,134 115*,**

Total n-6 PUFA 1,730 252 1,726 167 2,134 115*,**
22:6n-3 171 44 199 52 263 74

Total n-3 PUFA 171 44 199 52 263 74
n-3/n-6 0.10 0.02 0.12 0.03 0.12 0.04

aValues are expressed as mass (nmol/g ww) and represent mean ± SD, n = 4–5, for each experimental oil. The asterisk (*)
indicates a significant effect of the experimental oils (flax and fish) as compared with the control (P < 0.05), and the double
asterisk (**) indicates a significant effect of the fish oil vs. flax oil. For abbreviations see Tables 1 and 2.



This is important because the elongation and desaturation
of 18:2n-6 and 18:3n-3 are thought to occur in the liver, with
subsequent distribution of the conversion products to other tis-
sues through the plasma. Our results demonstrated a significant
increase in the 22:6n-3 mass in the brains of rats fed flax oil as
well as those fed fish oil. Others have shown that rats fed 18:3-
n-3 have an increased 22:6n-3 mass in brain EtnGpl (17,23)
and in synaptic plasma membrane phospholipids (14). The re-
sults obtained from other studies on the effect of 18:3n-3- and
22:6n-3-enriched diets on brain 22:6n-3 accumulation are sum-
marized in Table 8. Our study is important because, unlike
these other studies, it was done in adult animals following
myelination and because it clearly demonstrates an accretion
of 22:6n-3 in the brains of rats fed a diet enriched in 18:3n-3.
The intriguing question is the origin of this 22:6n-3 in the rats
fed a diet enriched in 18:3n-3—that is, whether it was imported
from the blood as preformed 22:6n-3 or synthesized in the
brain from plasma-derived 18:3n-3. Although we did not ana-
lyze the plasma FA mass, a number of studies demonstrate min-
imal elongation and desaturation of 18:3n-3 in the plasma, with
conversion limited to 20:5n-3 and 22:5n-3 (15,16,21,48,51).
Therefore, it is reasonable to conclude that animals fed flax oil
would have increased 18:3n-3, 20:5n-3, and 22:5n-3 levels, but
not 22:6n-3 levels, in their plasma. Thus, it is unlikely that an
increase in the plasma 22:6n-3 mass is responsible for the in-
creased 22:6n-3 in the brain; rather, it suggests that 18:3n-3,
20:5n-3, and 22:5n-3 are taken up by the brain and converted
to 22:6n-3.

This is not without precedence, as during postnatal develop-
ment the rat brain takes up, elongates, and desaturates 18:3n-3
(53,54). The conversion of 18:3n-3 into 20:5n-3, 22:5n-3, and

22:6n-3 is possible because ∆5- and ∆6-desaturase are present
in the brain (55,56). In fact, the ∆6-desaturase mRNA content
is several times greater in the brain than in other tissues (55,56).
Increasing evidence supports the hypothesis that 22:6n-3 can
be constitutively synthesized in the brain from its precursors
(57). Cultured astrocytes can synthesize 22:6n-3 from 18:3n-3,
and this may be a major source of 22:6n-3 in the brain (58). Re-
cently, strong evidence was presented indicating that neurons
themselves can elongate 18:3n-3 to 22:6n-3 (Spector, A., per-
sonal communication), suggesting a robust ability of the brain
to elongate 18:3n-3 to maintain the brain 22:6n-3 mass.

Thus, we hypothesize, based on the lack of increased 22:6n-3
but increased 18:3n-3 in the liver and heart, that the flax oil diet
increased plasma 18:3n-3, thereby presenting tissue with this
EFA for further elongation and desaturation. The ability to
elongate and desaturate 18:3n-3 to 22:6n-3 appears to be highly
tissue dependent, suggesting that the brain is uniquely posi-
tioned to carry out this process.

In the present study, we showed that the flax oil diet had a lesser
effect than the fish oil diet on decreasing EtnGpl 20:4n-6 levels. It
is well established that an increase in n-3 dietary PUFA leads to a
decrease in n-6 PUFA tissue content, because these two families
of EFA compete for the same set of enzymes (59). Decreased n-6
levels are considered beneficial because 20:4n-6 and its cyclooxy-
genase metabolites are related to the onset of different diseases,
such as atherosclerosis (60) and inflammation (61–63), and the
promotion of tumor proliferation (64). Nevertheless, all the bene-
ficial effects associated with 22:6n-3- and 20:5n-3-enriched diets
have overshadowed the importance of 20:4n-6 in general physio-
logical functioning. A severe decrease in 20:4n-6, such as that ob-
served with a high 22:6n-3 consumption, may compromise the
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TABLE 8
Changes in Brain DHA Content in Studies Using ALA- or DHA-Enriched Diets

Study Species Sex Age diet initiated Duration Diet Brain

Arbuckle and Innis, 1992 (72) Yorkshire piglets Male At parturitiona 15 d Low ALA diet: The 22:6n-3 in synaptic
0.7% ALAb; high plasma membrane EtnGpl
ALA diet: 3.9% increased significantly only
ALA; low ALA + in the low ALA + DHA diet
DHA diet: 0.6%
ALA + 0.3% DHA

Abedin et al., 1999 (17) Pigmented Female 3 wk old 12 wk ALA diet: 7.1%; ALA diet: 22:6n-3 EtnGpl
guinea pigs ALA DHA diet: 11.5% total FA (1.3-fold

1.0% ALA + 1.8% increase vs. control); DHA
DHA diet: 22:6n-3 EtnGpl 15.0%

total FA (1.7-fold increase
vs. control)

Valenzuela et al., 2004 (73) Wistar rats Female Since conception; 21 d DHA diet: diet DHA and ALA diets
mothers received supplemented with significantly increased the
experimental 6 mg/kg of DHA- frontal cortex, cerebellum,
diets 40 d before EE; ALA diet: diet and hippocampus DHA
mating supplemented with mass to similar levels

60 mg/kg ALA-EE
Lefkowitz et al., 2005 (74) Long-Evans rats Both 8 d olda 28 d ALA diet: 1% ALA; ALA diet: total DHA 5.6

DHA diet: 1.1% mg/whole brain; DHA diet:
ALA + 2% DHA total DHA 7.0 mg/whole

brain
aAt this point the pups were raised artificially.
bExpressed as percent of total FA. The abbreviations are as follows: ALA, α-linolenic acid (18:3n-3); ALA-EE, AAA ethyl ester; DHA, 22:6n-3; DHA-EE, DHA
ethyl ester.



biosynthesis of prostaglandins, thereby affecting many normal
metabolic processes.

Although the total phospholipid mass was not affected by
these diets, some of the individual phospholipid class masses
were changed. The most remarkable change was the 20% de-
crease in the EtnGpl mass in heart and liver tissues in rats fed
fish oil, including a 25% reduction in the heart PlsEtn (Table
3). Changes in the mass of these phospholipids were not ob-
served in the brain; however, in the liver the EtnGpl mass was
significantly reduced, by 23%, in the fish oil group. This result
differs from that of a previous study showing an accumulation
of EtnGpl in the brain tissue of animals fed fish oil (40). Other
studies have demonstrated an effect of saturated vs. unsaturated
FA on the phospholipid composition, although there is no con-
sensus regarding these effects on the phospholipid mass
(65,66). Rats fed a diet enriched in 20:5n-3 did not have altered
EtnGpl and ChoGpl masses in the erythrocytes (67). On the
other hand, a soybean oil-enriched diet increased the ChoGpl
and decreased the EtnGpl content in macrophages (68). In ad-
dition, the liver and heart CerPCho masses were increased in
the fish oil group as compared with the other two groups. The
increase in the PtdOH mass in the heart and brain suggest a po-
tential reduction in PtdOH utilization for phospholipid biosyn-
thesis, although an alternative hypothesis would be increased
formation from a catabolic route. Thus, we demonstrate a pro-
found effect of fish oil-based diets on the liver and heart Etn-
Gpl mass, suggesting that diets enriched in this FA are capable
of modulating phospholipid synthesis and degradation to a
greater degree than those based on flax oil.

Because the cholesterol-to-phospholipid ratio and the phos-
pholipid acyl chain composition are important factors in deter-
mining the biophysical properties of the membrane (41,69–71),
it was also important to determine whether changes in n-3 in-
take would affect the cholesterol content in brain, liver, and
heart tissues. In fish oil-fed rats, there was a slight decrease in
the cholesterol mass in heart and liver tissues, but the brain was
unaffected. In the flax oil-fed rats, the brain cholesterol mass
was decreased by 17% as compared with the control, but the
liver and heart cholesterol masses were unaffected. These
changes resulted in a 17% decrease in the brain cholesterol-to-
phospholipid ratio in the flax oil group and a 25% reduction in
this ratio in the heart from the fish oil-fed group. These
changes, in addition to changes in the phospholipid acyl chain
composition, may result in altered brain and heart membrane
biophysical parameters that may alter the physiological func-
tioning of these tissues.

In summary, we demonstrated that 18:3n-3-enriched diets
significantly increased the n-3 FA mass and decreased the n-6
FA levels, especially 20:4n-6, in the brain, heart, and liver.
However, this decrease was of a lesser magnitude in the flax
oil group than in the fish oil group. The apparent elongation
and desaturation of 18:3n-3 to 22:6n-3 in the brain compared
with the limited conversion in the heart and liver may reflect a
distinct need by the brain for 22:6n-3. Although these data do
not provide direct evidence for 18:3n-3 elongation by the brain,
they do demonstrate that the 18:3n-3-enriched diet reduced tis-

sue levels of 20:4n-6 and increased tissue levels of 22:6n-3 in a
highly tissue-dependent manner. The accumulation of n-3
PUFA, together with the decrease in n-6 PUFA, might account
for the beneficial health effects associated with 18:3n-3-en-
riched diets.
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ABSTRACT: The aging brain undergoes modifications in the
lipid composition of cell membranes and especially in plasmalo-
gens. These phospholipids represent between one-half and two-
thirds of the ethanolamine phospholipids in the brain. They are
known to facilitate membrane fusion and act as endogenous an-
tioxidants. During normal aging and in some pathological condi-
tions, plasmalogen and DHA levels fall. In this context, we aimed
to evaluate the influence of n-3 FA intake on plasmalogens in the
brain during aging. Littermates from two generations of n-3-defi-
cient rats were fed an n-3-deficient diet or an equilibrated diet
containing either α-linolenic acid alone (α-LNA) or with two
doses of DHA (0.3 or 0.6% w/w). After weaning, 9 mon of diet,
or 21 mon of diet, plasmalogen levels were assessed, and the sn-
2 substitutions of plasmenylethanolamines were analyzed in the
cortex, striatum, and hippocampus. Our results showed that plas-
malogen contents were not influenced by the diet. Plasmalogen
levels were significantly decreased in aged rats compared with
adults, whereas DHA levels increased in the hippocampus and
remained stable in the cortex and striatum. DHA levels were sig-
nificantly and similarly increased in total phospholipids and es-
pecially in plasmenylethanolamines after 9 mon of diet contain-
ing α-LNA alone or combined with DHA. This study showed that
each structure sustained specific age-induced modifications. Di-
etary n-3 FA may not oppose the physiological decrease in brain
plasmalogen levels during aging. Moreover, α-LNA appears to be
equally as potent as preformed DHA at replacing DHA in the
brain of our rat model.

Paper no. L9756 in Lipids 40, 799–806 (August 2005)

The aging brain is characterized by morphological and neuro-
chemical changes involving numerous biochemical alterations
of the neural components, such as modifications in the lipid
composition of cell membranes (1). The hippocampus, which
is a structure of the limbic system involved in memory storage
and retrieval (2), is particularly vulnerable to alterations due to
aging. Biomedical research has played an important role in
finding ways at least to slow the process of aging. Genetic, en-
vironmental, and dietary factors affecting the process of aging
have been identified and widely studied. However, few works
have considered the fate of plasmalogens, phospholipids dis-
tinguished by their vinyl-ether bond at the sn-1 position of the
glycerol backbone. They are ubiquitous and are found in con-

siderable amounts as a constituent of mammalian cell mem-
branes (3) and represent the major subclass of ethanolamine
glycerophospholipids in the brain (between one-half and two-
thirds of the ethanolamine phospholipids) (4). Their high con-
tent suggests that they play an important role in the structure
and function of biological membranes. Plasmenylethanolamines
(PlsEtn) are concentrated in several subcellular fractions,
which undergo rapid membrane fusion and may thus facilitate
synaptic transmission (5). Plasmalogens are also known to be
reservoirs of PUFA, as they predominantly contain arachidonic
acid or DHA at their sn-2 position (6). The involvement of ox-
idative stress during aging has been postulated by many inves-
tigators (7). In this context, plasmalogens are more susceptible
to oxidative reactions, as compared with their FA ester analogs,
because of the reactivity of their vinyl-ether bond (8). Plas-
malogens may act as endogenous antioxidants (9), protecting
PUFA at the sn-2 position from oxidation. A decline of plas-
malogen concentrations has been observed in the brain during
normal aging (10) and in some pathological conditions such as
Alzheimer’s disease (AD) (11). Moreover, patients with AD
have extremely low levels of DHA in their brains (12). One of
the factors that makes studies in aging difficult is the tight, al-
most inseparable connection between aging and age-related
disease. In this context, n-3-deficient animals constitute an in-
teresting model. Indeed, in a dietary α-linolenic acid(α-LNA)-
deficiency model, cognitive processes, learning, and memory
were altered in the same way as during aging (13). An n-3-de-
ficiency in the brain is a means to mimic what happens during
physiological aging without the impact of age-related diseases.
We specifically investigated the effect of DHA because the
brain contains high levels of this FA, which is essential in ner-
vous system function (14). Moreover, supplementation with
DHA has been shown to correct the modification in PUFA
composition with increasing age (15).

In this work, we studied whether dietary α-LNA alone or
combined with DHA may prevent biochemical alterations due
to aging. We focused on PlsEtn in the brain of rats from two
generations of n-3-deficient animals.

MATERIALS AND METHODS

Animals and diets. Animals were housed in animal quarters
under controlled temperature (21°C ± 1°C) and light conditions
(12-h light/12-h dark cycle). Two generations of Wistar rats
(Janvier, Le Genest-St-Isle, France) were fed an α-LNA-defi-
cient diet (diet Def). At weaning, male littermates (average
weight, 90 g) were randomly allocated to four experimental
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groups, which received one of the following diets: diet Def, diet
D0 containing 2.5% of α-LNA (w/w) as the only source of n-3
FA, diet D3 containing 1.2% of α-LNA acid and 0.3% of DHA
(w/w), or diet D6 containing 1.1% of α-LNA and 0.6% of DHA.
The detailed composition of the diets and the dietary lipids is pre-
sented in Tables 1 and 2 respectively. Diets were prepared as pel-
lets by UPAE (INRA, Jouy en Josas, France) and were given ad
libitum. The protocol was carried out according to the current
French regulation regarding animal experiments (authorization
A 21200 for the animal housing and personal authorization 21
CAE 056 for experimentation on animals).

Tissue collection and lipid analysis. After weaning, 9 mon
of diet, or 21 mon of diet, three animals per group were sacri-
ficed by decapitation. Brains were rapidly dissected to remove
the frontal cortex, the striatum, and the hippocampus. Each
structure was weighed and kept at −80°C in chloroform/
methanol (2:1 vol/vol) until the analysis.

Total lipids were extracted according to the procedure of
Folch et al. (16). Total phospholipids were separated from neu-
tral lipids according to Juanéda and Rocquelin (17) and were
transesterified with boron trifluoride (BF3) in methanol (7 g/L)
following the method of Morrison and Smith (18). This reac-
tion yielded mixtures of FAME  and plasmalogen-derived di-
methylacetals (DMA). They were analyzed on a Hewlett-
Packard (Palo Alto, CA) 5890 series II gas chromatograph
equipped with a split/splitless injector, an FID, and a BPX 70-
silica capillary column (120 m × 0.25 mm i.d.; film thickness
0.25 µm; SGE, Melbourne, Australia). The injector and the de-
tector were maintained at 250 and 280°C, respectively. Hydro-
gen was used as the carrier gas (inlet pressure 300 kPa). The
oven temperature was fixed at 60°C for 1 min, increased to
170°C at a rate of 20°C/min, held at this temperature for 60
min, then increased to 210°C at a rate of 5°C/min and kept at
this temperature until the end of the analysis. DMA were iden-
tified by comparison of their retention times with those of syn-
thetic standards. They were quantified using nonadecanoic acid
methyl ester as internal standard and the Diamir software
(JMBS Inc., Portage, MI).

Plasmalogen analysis. Total phospholipids were fraction-
ated by TLC on silica gel plates. Phospholipid standards were

also spotted on a TLC plate to determine migration character-
istics of the researched compounds. The plate was developed
in a mixture of chloroform/methanol/water (65:25:4, by vol).
The band corresponding to phosphoethanolamines (Rf = 0.45)
was scraped off and extracted two times with a mixture of chlo-
roform and methanol (2:1 vol/vol). Dried phospholipids were
exposed to HCl fumes for 5 min to hydrolyze the vinyl-ether
bonds of plasmalogens. Hydrolysis products were resuspended
in a small volume of chloroform/methanol and spotted on an-
other TLC plate developed with the same solvent system. The
standard of lysophosphatidylethanolamine (Rf = 0.27) was vi-
sualized by placing the plate in iodine vapor. The correspond-
ing band was scraped off, and the phospholipids were transes-
terified with sodium methanolate. The sn-2 position of PlsEtn
was analyzed in the same way as total phospholipids.

Separation of phospholipid classes. Phospholipid classes
were separated by HPLC (19) and quantified using cholesterol
as the external standard. The HPLC instrument was a Varian
model 9010 liquid chromatograph using a ternary solvent mix-
ture equipped with a 100-µL Valco compressed-air injector fit-
ted with a loop. The detector was a Cunow light-scattering de-
tector Model 10, connected to filtered compressed air. The col-
umn was a Lichrosorb Si60 silica, 5 µm, 250 × 7.5 mm i.d.
(Merck, Darmstadt, Germany). The nebulized air pressure was
set at 2.1 psi and the additional air at 0.5 psi. The solvents used
for the mobile phase gradient were hexane (A), 2-propanol/
chloroform (4:1) (B), and 2-propanol/water (1:1) (C). The mo-
bile phase was changed from 42% A/52% B/6% C to 41%
A/52% B/7% C in 5 min and then to 32% A/52% B/16% C in
20 min. The heated pipe temperature was 40°C. The flow rate
was 2.5 mL/min. Chloroform/methanol (2:1 vol/vol) was used
as the injector solvent.
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TABLE 1 
Composition of the Diets

Ingredient Amount (g/kg diet) Ingredient Amount (g/kg diet)

Casein 180 Fata 50
Cornstarch 460 Mineral mixb 50
Sucrose 230 Vitamin mixc 10
Cellulose 20
aRepresented by oil mixtures (Table 2).
bComposition (g/kg): sucrose, 110.7; CaCO3, 240; K2HPO4, 215; CaHPO4,
215; MgSO4⋅7H2O, 100; NaCl, 60; MgO, 40; FeSO4⋅7H2O, 8; ZnSO4⋅7H2O,
7; MnSO4⋅H2O, 2; CuSO4⋅5H2O, 1; Na2SiO7⋅3H2O, 0.5; AlK(SO4)2⋅12H2O,
0.2; K2CrO4, 0.15; NaF, 0.1; NiSO4⋅6H2O, 0.1; H2BO3, 0.1; CoSO4⋅7H2O,
0.05; KIO3, 0.04; (NH4)6Mo7O24⋅4H2O, 0.02; LiCl, 0.015; Na2SeO3, 0.015;
NH4VO3, 0.01.
cComposition (g/kg): sucrose, 549.45; retinyl acetate, 1; cholecalciferol,
0.25; DL-α-tocopheryl acetate, 20; phylloquinone, 0.1; thiamine HCl, 1;
riboflavin, 1; nicotinic acid, 5; calcium pantothenate, 2.5; pyridoxine HCl,
1; biotin, 1; folic acid, 0.2; cyanobalamin, 2.5; choline HCl, 200; DL-
methionine, 200; p-aminobenzoic acid, 5; inositol, 10.

TABLE 2 
FA Composition of Dietary Lipids (% of total FA)

Experimental groups

Def D0 D3 D6

14:0 0.4 0.5 0.6 0.6
15:0 0.0 0.0 0.1 0.1
16:0 7.7 19.7 22.7 21.7
17:0 0.1 0.1 0.1 0.1
18:0 4.3 3.0 3.3 3.4
20:0 0.4 0.4 0.3 0.3
22:0 0.7 0.4 0.4 0.4

SFA 13.6 24.1 27.6 26.6

16:1 0.2 0.2 0.3 0.4
18:1 24.9 60.6 59.7 60.2
20:1 0.2 0.6 0.4 0.4

MUFA 25.3 61.4 60.4 61.0

18:2n-6 60.0 11.5 9.8 9.4
18:3n-6 0.0 0.1 0.1 0.0

n-6 60.0 11.6 9.9 9.4

18:3n-3 0.0 2.5 1.2 1.1
20:5n-3 0.0 0.0 0.1 0.2
22:6n-3 0.0 0.0 0.3 0.6

n-3 0.0 2.5 1.6 1.9

PUFA 60.0 14.1 11.5 11.3



Statistical analysis. Results are presented as mean values with
their SE. The data were submitted to a one-way ANOVA with
diet or age as factors. Means were compared using Dunnett’s test
at 9 and 21 mon, independently, to determine the effect of diet
(diet Def was chosen as the control group). The effect of age was
analyzed by a Kruskal–Wallis test comparing values at 9 and 21
mon independently of the diet. The criterion for statistical signif-
icance was P < 0.05. All the calculations were performed with
NCSS 6.01 software (Alsyd, Meylan, France).

RESULTS AND DISCUSSION

In this report, we present the combined effects of aging and n-3
dietary FA intake on phospholipids and specifically on plas-
malogens from the hippocampus, striatum, and cortex of n-3-
deficient rats.

The relative content of the major phospholipid classes in the
cortex (Fig. 1), the hippocampus, and the striatum (data not
shown) was assessed at weaning and after 9 or 21 mon of diet.
This parameter was not significantly influenced by the nature
and the level of n-3 dietary FA, either after 9 or after 21 mon of
diet. However, we can underline the same significant age-
induced changes in the three structures studied. After 21 mon,
choline glycerophospholipids (ChoGpl) significantly decreased
whatever the diet (by 23, 24, 31, and 12% between 9 and 21
mon in the cortex, for diets Def, D0, D3, and D6, respectively).
This decrease was balanced by a strong significant increase of
phosphatidylinositol (PtdIns) and phosphatidylserine (PtdSer)
(a threefold increase in the cortex and hippocampus whatever
the diet, a lesser increase in the striatum) and a less important
increase of ethanolamine glycerophospholipids (EtnGpl) (by
18% in the striatum and cortex and by 25% in the hippocam-
pus). In previous studies, a decrease in the content in major
phospholipid classes, i.e., EtnGpl and ChoGpl, was already ob-
served in the hippocampus of 12-mon-old rats (20) and in the
cortex of 24-mon-old rats (21) fed an α-LNA-deficient diet. At
the same time, the content of minor phospholipid classes, i.e.,

PtdIns and PtdSer, was markedly increased. From our results,
we can say that n-3 FA intake (α-LNA or DHA) may not pre-
vent the effect of physiologic aging in our experimental model.
It has been well established that PtdIns and PtdSer are involved
in signal transduction pathways (22). On this basis, one can
speculate that the aging brain tries to regulate the programmed
cognitive decline by increasing PtdIns and PtdSer levels.

The impact of dietary n-3 FA intake on the FA composition
of total phospholipids from the hippocampus (Table 3), cortex
(Table 4), and striatum (Table 5) was investigated. At weaning,
we observed a classical balance of the n-3 deficiency by high
levels of 22:5n-6 and, to a lesser extent, of 22:4n-6 (23). We
can notice that the n-3 deficiency affected the acyl composition
of phospholipids differently according to the brain regions. The
percentage of total PUFA was higher in the frontal cortex than
in the hippocampus or striatum (29.0 vs. 19.6 and 26.6%, re-
spectively, see Tables 3–5). Our results are in concordance with
previous studies showing a specific composition of each struc-
ture of the brain (24). After 9 mon of diet, numerous and simi-
lar changes were observed for diets D0, D3, and D6 in the three
structures. The 22:5n-6 levels were significantly decreased and
the 22:6n-3 levels significantly increased compared with diet
Def. The same recovery of DHA in brain phospholipids was
observed for diets D0, D3, or D6. This was due to preformed
or in vivo biosynthesized DHA. It has previously been shown
that DHA-deficient animals recovered from losses of 22:6n-3
in the brain when switched to an n-3 FA-adequate diet (25).
The recovery of DHA in brain phospholipids was quicker in
the cortex and in the striatum than in the hippocampus, whose
DHA levels increased again from 9 to 21 mon. Our results
clearly demonstrate that α-LNA is equally as potent at replac-
ing DHA and reducing 22:5n-6 levels as is preformed DHA in
our n-3-deficient rat model. In addition, such results are consis-
tent with the work of Spector (26). The brain seems to have the
capacity to elongate and desaturate α-LNA. Indeed, the cerebral
endothelium synthesizes DHA from dietary metabolic precur-
sors, such as α-LNA, via ∆6-desaturation and retroconversion
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FIG. 1. Percentage of major phospholipid classes of rat cortex at weaning and after having
been fed diet Def, D0, D3, or D6 for 9 or 21 mon. Values are mean ± SD, n = 3. Values with
an asterisk (*) are significantly different from 9 mon at the P < 0.05 level as determined by
ANOVA followed by a Kruskal–Wallis test. Ptd2Gro, cardiolipin; ChoGpl, choline glyc-
erophospholipids; EtnGpl, ethanolamine glycerophospholipids; PtdIns, phosphatidylinositol;
PtdSer, phosphatidylserine.
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steps, whereas astrocytes are able to synthesize DHA either from
18-, 20-, and 22-carbon n-3 precursors (via desaturation and
elongation steps) or from 24-carbon precursors (27). In contrast,
neurons may be unable to carry out FA desaturation and thus
may be dependent on preformed long-chain PUFA released from
endothelial cells or astrocytes. In addition, almost all 22:6n-3 is
recycled from phospholipid breakdown (28,29), and this recy-
cling ensures a well-regulated level in brain membranes (30).

The impact of aging and dietary n-3 FA intake on plasmalo-
gen levels was assessed by the quantification of DMA (Table 6).
The alkenyl chains of plasmalogens are mainly saturated. The
most abundant DMA were hexadecanal dimethylacetal and oc-
tadecanal dimethylacetal. Minor amounts of monounsaturated
species are present. At weaning, plasmalogen levels represented
25% of total phospholipids in the hippocampus, 21% in the stria-
tum, and 17% in the cortex. The diet had no effect on DMA lev-
els in the three structures whatever the age. Our results can be
related to previous reports. Indeed, it has been shown that dietary
supplementation with DHA-ethyl ester to Zellweger patients
whose tissues and cells are strongly deficient in DHA and plas-
malogens (31) increased plasmalogen concentrations in erythro-
cytes after DHA concentrations were normalized (32). In our
study, the plasmalogen contents were not different between the
four experimental groups, whereas DHA levels were quite dif-
ferent. First, we can suppose that DHA is not the only parameter
to influence plasmalogen levels. Second, Zellweger patients re-
ceived 0.1 g DHA/kg of body mass/d (pharmacological ap-
proach), whereas rats in the present study were fed 0.007 or
0.014 g DHA/kg of body mass/d (nutritional approach). Animals
were not in a pathological situation, which may explain why the
plasmalogen content was not influenced by the DHA level. Be-
tween 9 and 21 mon of diet, the plasmalogen levels fell signifi-
cantly in the hippocampus and cortex. This decrease supports the
free radical theory of aging and the potential physiological an-
tioxidant function of plasmalogens. A decline of plasmalogen
levels in neuronal tissue has already been observed in normal
aging in human beings (10) and in old cattle (33). Moreover, the
loss of myelin, a membrane very rich in plasmalogens, is a nor-
mal phenomenon in aging brains (34), which may explain the
decrease in plasmalogen content in aged rats. Whereas plasmalo-
gen levels decreased after 21 mon of diet, DHA levels increased
in the hippocampus and remained stable in the cortex and stria-
tum. Other studies showed a decrease in DHA levels during
aging (35). Such a difference may be explained by the experi-
mental model of n-3-deficient animals. We may assume that the
intake of α-LNA alone or combined with DHA at nutritional lev-
els may not be sufficient in aged animals to oppose the physio-
logical decrease in plasmalogen levels.

Finally, the impact of dietary FA intake on the sn-2 substitu-
tion of PlsEtn in the hippocampus (Table 7), cortex (Table 8),
and striatum (Table 9) was assessed. PlsEtn were specifically
considered because of their high content in the brain. The FA
composition of PlsEtn was different in the three brain regions
of weaned rats. The sn-2 substitutions were mainly saturated
FA in the hippocampus and the striatum (45.9% and 43.8%, re-
spectively) whereas monounsaturated FA (40%) and PUFA
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(38%) were more abundant in the cortex. The main changes in
the FA composition of PlsEtn were similar for diets D0, D3,
and D6. After 9 mon of diet, in our animal model, the n-3 re-
pletion with α-LNA alone or combined with DHA led to the
same high and significant increase in DHA levels. Our results
are controversial with regard to previous ones showing that
DHA is more efficient at restoring DHA levels in the brain than
is α-LNA (36–38). These findings indicate that 18:3n-3 sup-
plementation at 0.12 g/100 g of diet may be sufficient to sup-
port recovery of the 22:6n-3 concentration in PlsEtn. After 21
mon of diet, PUFA represented more than 40% of the sn-2 sub-
stitutions in PlsEtn whatever the structure. PUFA levels were
the highest in the cortex where they reached 55, 57, and 57%
for diets D0, D3, and D6, respectively. DHA was the first major
PUFA and arachidonic acid the second. These FA are incorpo-
rated selectively in PlsEtn, which represent a reservoir of
PUFA. They are released from plasmalogens by the plasmalo-
gen-selective phospholipase A2 (39) to be metabolized into ei-
cosanoids and docosanoids. The rapid turnover of brain plas-
malogens (40) may suggest that their antioxidant properties are
not their only physiological functions. It is thought that they
may function as signaling molecules in the brain, as they do in
the heart (41–42).
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TABLE 6 
Dimethylacetal Levelsa (µg/g wet brain) in the Rat Hippocampus,
Cortex, and Striatum at Weaning and After Having Been Fed
Diet Def, D0, D3, or D6b for 9 or 21 mon

Hippocampus Cortex Striatum

Weaning 3.45 (± 0.11) 1.83 (± 0.16) 2.43 (± 0.52)

9 mon Def 4.58 (± 1.11) 1.62 (± 0.79) 2.64 (± 1.26)
D0 6.69 (± 2.36) 2.27 (± 0.33) 4.38 (± 2.87)
D3 8.44 (± 1.08) 2.61 (± 0.03) 5.31 (± 0.68)
D6 7.88 (± 1.01) 2.57 (± 0.37) 5.14 (± 1.15)

21 mon Def 2.45 (± 0.83) 1.60 (± 0.14) 2.83 (± 0.63)
D0 2.89 (± 0.86) 1.86 (± 0.52) 3.26 (± 0.13)
D3 2.43 (± 0.38) 1.86 (± 0.20) 3.68 (± 0.45)
D6 2.62 (± 0.47) 1.94 (± 0.45) 3.49 (± 0.35)

aValues are mean ± SD, n = 3. Values with an asterisk (*) are significantly
different from 9 mon at the P < 0.05 level as determined by ANOVA analy-
sis followed by a Kruskal–Wallis test.
bFor composition of the Def, D0, D3, and D6 diets, see Tables 1 and 2. For
other abbreviations, see Table 3.
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ABSTRACT: Low red blood cell (RBC) membrane content of
EPA + DHA (hereafter called omega-3 index) has recently been
described as an indicator for increased risk of death from coro-
nary heart disease. The relationship between plasma and RBC FA,
focusing on omega-3 index, and the response to DHA supple-
mentation were investigated in a double-blind, randomized,
placebo-controlled, intervention study. Healthy vegetarians (87 f,
17 m) consumed daily a microalgae oil from Ulkenia sp. (0.94 g
DHA/d) or olive oil (placebo) for 8 wk. DHA supplementation
significantly increased DHA in RBC total lipids (7.9 vs. 4.4 wt%),
in RBC PE (12.1 vs. 6.5 wt%), in RBC PC (3.8 vs. 1.4 wt%), and
in plasma phospholipids (PL) (7.4 vs. 2.8 wt%), whereas EPA lev-
els rose to a much lesser extent. Microalgae oil supplementation
increased the omega-3 index from 4.8 to 8.4 wt%. After interven-
tion, 69% of DHA-supplemented subjects (but no subject of the
placebo group) reached an omega-3 index above the desirable
value of 8 wt%. Omega-3 index and EPA + DHA levels in RBC
PE, RBC PC, and plasma PL were closely correlated (r always >
0.9). We conclude that an 8-wk supplementation with 0.94 g
DHA/d from microalgae oil achieves a beneficial omega-3 index
of ≥8% in most subjects with low basal EPA + DHA status. RBC
total FA analyses can be used instead of RBC lipid fraction analy-
ses for assessing essential FA status, e.g., in clinical studies.

Paper no. L9761 in Lipids 40, 807-814 (August 2005)

The risk for many chronic diseases, including coronary heart
disease (CHD), is influenced by dietary FA intake (1–3). A
higher degree of incorporation of n-3 long-chain PUFA (n-3
LCPUFA) into myocardial membranes reduces deaths follow-
ing myocardial ischemia (4). Harris et al. (5) showed that n-3
LCPUFA content in red blood cell (RBC) membranes reflects
that of cardiac membranes. A low RBC EPA + DHA percent-
age content (hereafter called omega-3 index) has recently been
identified as a risk indicator for death from CHD (6). The rela-
tionship between the omega-3 index and the risk for CHD

death, especially sudden cardiac death, was evaluated using the
data from several published primary and secondary prevention
studies. An omega-3 index of ≥8% was associated with the
greatest cardioprotection, whereas an index of ≤4% was asso-
ciated with the highest risk. For clinical studies it is of interest
to know whether RBC total lipid FA correspond to values
found in other lipid classes [plasma phospholipids (PL), RBC
PC, RBC PE] in subjects whose FA composition is in a steady
state. Harris and von Schacky (6) observed significant increases
of the omega-3 index after EPA and DHA supplementation (1
g/d) for 5 mon, ranging after intervention from 5 to 13%. These
different levels in people consuming the same amount of EPA
+ DHA were caused by individual differences in baseline val-
ues of the omega-3 index, digestion, absorption, transport, up-
take in target tissues, metabolism from storage sites, and in vivo
conversion of α-linolenic acid (ALA) to LCPUFA derivatives.
Consequently, a subject with low baseline omega-3 index may
require a larger dose than a person with a high baseline value.
Further studies investigating the dose–response relationship be-
tween EPA + DHA intake and the omega-3 index in subjects
with different background diets are needed.

Ovolacto vegetarians consume minimal amounts of EPA
and varying amounts of DHA from eggs, milk, and dairy prod-
ucts (average intakes < 33 mg/d) (7). Vegans consume negligi-
ble amounts of n-3 LCPUFA and rely entirely on in vivo
biosynthesis of n-3 LCPUFA from the precursor ALA, but con-
version via desaturation and elongation, especially to DHA, is
not efficient (8). Previous studies with stable isotopically la-
beled ALA have shown conversion of ALA to EPA varying
from 6–21% (9–11) to much lower values (0.1–0.2%) (12–14).
Reports on the conversion of ALA to DHA range from 4–9%
(9,11) to 0.04% (15), or undetectable DHA synthesis (10). Lack
of EPA and DHA in vegetarian diets is reflected in reduced
amounts of these FA in platelets, RBC, and plasma (16–21).
Thus, uptake of preformed DHA from the diet may be critical
for maintaining adequate membrane DHA concentrations.

The aim of the present study was to investigate the effects
of a supplementation with a single-cell oil derived from mi-
croalgae Ulkenia sp. (Nutrinova DHA, Nutrinova GmbH,
Frankfurt/Main, Germany) on plasma and RBC FA composi-
tion in subjects with a low habitual n-3 LCPUFA intake. In ad-
dition, the relationship between FA of various lipid fractions,
focusing on omega-3 index, was determined.
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MATERIALS AND METHODS

Study design and subjects. A randomized, double-blind,
placebo-controlled, parallel-intervention study was performed.
One hundred fourteen free-living and healthy vegetarians aged
from 18–43 yr were recruited in the Munich area via posters
displayed in health food shops and on the university campus,
as well as through personal contacts. For inclusion in the study,
volunteers were required to have been on a vegetarian diet for
at least 1 yr. A vegetarian was defined as someone who ate no
meat and not more than one fish meal a month. Inclusion crite-
ria were age ≥ 18 yr and a body mass index (BMI) between 18
and 25 kg/m2. Exclusion criteria were intake of medication
with known influence on the lipid metabolism during the last 3
mon; intake of supplements with n-3 FA; metabolic, cardiovas-
cular, renal, or neurological diseases; and pregnancy or lacta-
tion. The study received ethical approval by the Bavarian
Board of Physicians. All subjects provided their written, in-
formed consent before study entry and received financial com-
pensation (200 Euro each) for their participation in the study.

The study was conducted between June and November
2003. The subjects consumed either four capsules per day con-
taining a total of 2.28 g DHA-rich oil from microalgae Ulkenia
sp., providing 0.94 g DHA/d, or olive oil as placebo for 8 wk.
They were randomly assigned to the two intervention groups
with stratification for gender. The FA composition of the two
study oils is given in Table 1. To ensure that the treatments had
the same antioxidant content, each oil contained 1000 ppm
mixed natural tocopherols (equals 2.2–2.3 mg mixed natural
tocopherols per day).

Before the first visit, subjects had to complete a question-
naire that included a survey on medications, metabolic and car-
diovascular diseases, dietary supplements, frequency of fish
and egg consumption, and a 3-d dietary record (two weekdays
and one weekend day). At the end of the intervention period,
they recorded their diet again for 3 d. Subjects were weighed
before and after the intervention; height was measured at study
entry. Compliance was assessed by counting leftover capsules
and by the plausibility of the DHA increase in RBC PE. Sub-
ject characteristics (n = 114) at entry were age (25.9 ± 5.6 yr;

mean ± SD), BMI (21.3 ± 1.9 kg/m2), years on a vegetarian diet
(9.3 ± 5.2 yr), gender ratio (87 f, 27 m), and proportion of non-
smokers (77%) with no significant differences in these param-
eters between the two groups (P > 0.05).

Dietary evaluation. Three-day dietary records were evalu-
ated with the Prodi version 4.5 LE 2003 software (Wis-
senschaftliche Verlagsgesellschaft mbH, Stuttgart, Germany).
Nutrient intake was calculated based on the German Nutrient
database BLS, version II.3 (BgVV, Berlin, Germany).

Sample collection procedures. At day 0 (prior to supplemen-
tation) and after 56–60 d of capsule intake, blood samples were
collected from an antecubital vein of the forearm into EDTA-
containing tubes (Sarstedt, Nümbrecht, Germany) after an
overnight fast. Blood was centrifuged at 1000 × g for 7 min at
room temperature within 2 h. Subsamples of plasma were
stored at −80°C and analyzed within 12 mon of storage. Blood
cells were washed 3 times with 0.9% NaCl (Baxter, Lessines,
Belgium) and the buffy coat was removed. After lysis with dis-
tilled water (at least 200 µL/0.5 mL RBC sediment) (B.Braun,
Melsungen, Germany), isopropanol (Merck, Darmstadt, Ger-
many) with BHT (50 mg/l) (Fluka, Neu-Ulm, Germany) was
added to prevent oxidation, and the tubes were frozen at −80°C.
For each lipid fraction, FA analyses of a given subject were per-
formed within the same analytical run.

FA analysis in study oils, plasma, and RBC. Unless otherwise
indicated, all reagents used were obtained from Merck. FAME
from microalgae and olive oil TG were obtained by reaction with
1.5 M methanolic hydrochloric acid (Supelco, Bellefonte, PA) in
n-hexane at 90°C for 60 min in closed glass tubes. After adding
distilled water and n-hexane with BHT (2 g/L), the samples were
vortexed and centrifuged. The upper n-hexane phase containing
the FAME was analyzed by capillary GLC (Hewlett-Packard
5890 Series II gas chromatograph, equipped with a 60 m × 0.32
mm BPX-70 column from SGE, Weiterstadt, Germany). FID sig-
nals were evaluated with the software EZ-Chrom Elite version
2.61 (Scientific Software, Pleasanton, CA). FAME peaks were
identified by comparison with commercial standards (Nu-Chek-
Prep, Elysian, MN). Values were calculated as weight percent-
ages of all FA determined (14–24 C atoms).

Lipids from plasma were extracted three times; initially with
n-hexane/isopropanol (3:2 vol/vol), then twice with n-hexane. PL,
free cholesterol, nonesterified FA, TG, and cholesterol ester were
separated using TLC (Merck) with n-heptane, diisopropylether,
and glacial acetic acid (60:40:3, by vol) as mobile phase (22).

Lipids from RBC samples were extracted twice; initially by
using 10 mL isopropanol/chloroform (3:2 vol/vol), then by using
4 mL chloroform. TLC with chloroform, methanol, and 25%
ammonia solution (73:27:5, by vol) as mobile phase was used
for separating RBC PE and PC. For the analysis of RBC total
lipids, instead of deposition of the lipids on the TLC plate, they
were directly transferred into glass tubes and taken to dryness
under nitrogen.

FAME from individual fractions and from total lipids were
obtained by reaction with 3 M methanolic hydrochloric acid at
85°C for 45 min in closed glass tubes. Derivatives were ex-
tracted into n-hexane and stored until GC analysis at −20°C.
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TABLE 1
Major FA of Microalgae and Placebo Oils (wt%)a

Microalgae oil (n = 12) Placebo oil (n = 12)

SFA 39.99 ± 0.25 14.62 ± 0.98
18:1n-9 0.52 ± 0.03 75.86 ± 0.76
18:1n-7 0.08 ± 0.01 2.37 ± 0.04
18:2n-6 1.21 ± 0.08 5.32 ± 0.14
18:3n-6 0.22 ± 0.01 ND
20:4n-6 0.09 ± 0.01 ND
22:5n-6 9.70 ± 0.14 ND
18:3n-3 0.11 ± 0.01 0.68 ± 0.02
20:5n-3 0.29 ± 0.01 ND
22:5n-3 0.09 ± 0.01 ND
22:6n-3 46.13 ± 0.20 ND
aValues are reported as mean ± SD. ND, not detected; SFA, saturated fatty
acids.



Analysis of FAME was performed by capillary GLC as de-
scribed for the microalgae and olive oil. CV (intra- and interas-
say) were below 10% for all presented FA.

Statistical methods. All statistical analyses were done
using the Statistical Package for the Social Sciences, version
12.0 (SPSS Inc., Chicago, IL). After checking for the normal
distribution of the data, group differences were tested for sig-
nificance using Student’s unpaired t-test for normally distributed
variables or the Mann–Whitney U-test for variables not nor-
mally distributed. Within-group comparisons were performed
by Student’s t-test for dependent samples or the Wilcoxon
nonparametric test, respectively. Correlations between para-
meters were estimated by computing the Spearman ρ correla-
tion coefficient. For bivariate tabular analysis the χ2 test was
used. In cases of expected values smaller than 5, a Fisher
exact test was used instead. Unless otherwise stated, all val-
ues are given as mean ± SEM; values of P < 5% were consid-
ered significant.

RESULTS

Two of the 114 subjects recruited in the study dropped out dur-
ing the intervention period. One subject in the placebo group
came down with a renal colic, which was considered unrelated
to the dietary supplement, and the contact to one subject of the
DHA group was lost. Four subjects were excluded from the
analyses. The reasons for exclusions were poor compliance
with study protocol (n = 2; both from the DHA group) and di-
arrhea/vomitus for more than 6 d of the intervention period (n
= 2; one subject from each group). Thus, 108 subjects (94.7%)
are included in the analysis.

Body weight, BMI, and dietary intake. Body weight and
BMI did not differ between DHA and placebo group at week 0
and week 8. An examination of within-group changes demon-

strated a slight but significant increase of body weight (from
61.4 ± 8.6 to 61.9 ± 8.6 kg, mean ± SD, P = 0.005) in the
placebo group, but no changes in the DHA group.

The proportion of macronutrients and the intakes of energy,
alcohol, cholesterol, and n-3 LCPUFA with the background
diet (not including supplements for placebo and DHA group)
were not different between the two groups before the interven-
tion and did not change (with the exception of energy intake in
the DHA group) in both groups during intervention (Table 2).
Energy intake in the DHA group was significantly lower dur-
ing intervention compared with baseline and also tended to be
reduced compared with placebo (P = 0.069). Dietary fiber in-
take was comparable between both groups before intervention;
during intervention, it was significantly lower in the DHA than
in the placebo group. Baseline intakes of EPA + DHA (median,
5th and 95th percentile in parentheses) were 23 mg/d (0, 121
mg/d) in the DHA group and 23 mg/d (3, 118 mg/d) in the
placebo group. Before intervention, DHA and placebo group
differed in dietary linoleic acid (LA) intake (% of energy) (me-
dian: 3.3 vs. 5.0) and LA/ALA ratios (median: 6.6:1 vs. 7.9:1).
Dietary LA and LA/ALA ratio decreased in the placebo group
during the study, resulting in values comparable to the DHA
group at study end. The Spearman ρ correlation coefficients
between dietary LA intake (g/d) and LA (wt%) in RBC total
lipids, RBC PE, RBC PC, and plasma PL were 0.454, 0.470,
0.391, and 0.318, respectively (P always < 0.01).

FA response to DHA supplementation. FA composition of
RBC and plasma lipids was not different between groups at base-
line and changed negligibly in the placebo group (Tables 3, 4).
After DHA supplementation, no changes or slight increases were
observed in saturated FA (16:0 and 18:0). The monounsaturated
FA 16:1n-7 and 18:1n-9 decreased significantly in all measured
fractions relative to baseline. Microalgae oil supplementation re-
sulted in significant increases of 22:5n-6 [n-6 docosapentaenoic
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TABLE 2
Daily Dietary Intakes (not including supplements for DHA and placebo group) Before and During Interventiona

DHA group Placebo group

Before During Before During
intervention intervention intervention intervention

n = 55 n = 53

Energy (kJ) 9142 ± 392 8099 ± 314c 8835 ± 332 8996 ± 375
Protein (% of energy) 13.4 ± 0.4 13.2 ± 0.4 13.0 ± 0.4 12.7 ± 0.3
Total fat (% of energy) 28.7 ± 1.0 28.4 ± 0.8 31.4 ± 1.2 30.5 ± 1.2
Carbohydrate (% of energy) 54.2 ± 1.1 54.3 ± 1.0 51.6 ± 1.2 52.9 ± 1.1
Fiber (g) 32.1 ± 2.2 29.8 ± 2.0e 34.8 ± 2.1 35.8 ± 2.8
Alcohol (g) 7.3 ± 1.5 6.4 ± 1.3 7.0 ± 1.3 6.8 ± 1.1
Cholesterol (mg) 167 ± 15 160 ± 13 148 ± 13 168 ± 15
LA (% of energy) 4.4 ± 0.4f 4.5 ± 0.4 5.8 ± 0.5 5.1 ± 0.6b

ALA (% of energy) 0.63 ± 0.04 0.61 ± 0.04 0.73 ± 0.06 0.65 ± 0.04
LA/ALA ratio 6.9 ± 0.4e 7.5 ± 0.6 8.4 ± 0.5 7.9 ± 0.7b

EPA (mg) 1.7 ± 0.5 2.5 ± 0.7 2.8 ± 1.0 2.5 ± 0.7
DHA (mg) 37.0 ± 5.3 30.6 ± 4.7 29.7 ± 4.5 32.6 ± 5.3
aValues are reported as mean ± SEM.
b,c,dSignificant difference between week 0 and week 8 (bP < 0.05, cP < 0.01, dP < 0.001).
e,f,gSignificant difference between DHA and placebo group at the same time point (eP < 0.05, fP < 0.01, gP < 0.001); ALA,
α-linolenic acid; LA, linoleic acid.



acid (DPA)], EPA, and DHA levels and significant decreases of
20:3n-9, 18:2n-6, 18:3n-6, 20:3n-6, 20:4n-6 [arachidonic acid
(AA)], 22:4n-6, and 22:5n-3 (n-3 DPA) levels in all measured
fractions relative to baseline. Relative to placebo, DHA supple-
mentation resulted in significantly higher contents of 16:0, n-6
DPA, EPA (not significant in RBC PE), and DHA, and lower
contents of 16:1n-7 (not significant in plasma PL and RBC total
lipids), 18:1n-9 (not significant in RBC PE), 20:3n-9, 18:2n-6,
18:3n-6, 20:3n-6, AA, 22:4n-6, 18:3n-3 (not significant in

plasma PL and RBC PC), and n-3 DPA (Tables 3, 4). After DHA
supplementation, the highest relative FA changes were observed
in DHA, n-6 DPA, and EPA in all measured lipid classes (Fig.
1). The degree of these changes was different in the various lipid
classes, with higher percentage changes in RBC PC and plasma
PL than in RBC total lipids and RBC PE for DHA, n-6 DPA, and
EPA.

Statistically significant increases in EPA + DHA levels vs.
baseline values were observed after 8 wk of microalgae oil
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TABLE 3
FA Composition (wt%) of Plasma PL and RBC Total Lipids at Week 0 and Week 8a

Plasma PL RBC total lipids

DHA group (n = 55) Placebo group (n = 53) DHA group (n = 52) Placebo group (n = 51)

Week 0 Week 8 Week 0 Week 8 Week 0 Week 8 Week 0 Week 8

16:0 28.3 ± 0.3 28.5 ± 0.2e 28.0 ± 0.3 27.8 ± 0.3 21.5 ± 0.1 21.7 ± 0.1d,f 21.4 ± 0.1 21.2 ± 0.1b

18:0 12.0 ± 0.2 12.0 ± 0.2 12.1 ± 0.2 12.1 ± 0.2 13.9 ± 0.1 14.0 ± 0.1b 13.9 ± 0.1 14.0 ± 0.1c

16:1n-7 0.68 ± 0.04 0.49 ± 0.02d 0.64 ± 0.04 0.62 ± 0.04 0.37 ± 0.02 0.30 ± 0.01d 0.36 ± 0.03 0.35 ± 0.02
18:1n-9 10.3 ± 0.2 9.1 ± 0.2d,g 10.3 ± 0.2 10.5 ± 0.2 12.2 ± 0.1 12.0 ± 0.1b,f 12.3 ± 0.1 12.5 ± 0.1
20:3n-9 0.17 ± 0.02 0.09 ± 0.01d,g 0.15 ± 0.01 0.15 ± 0.01 0.08 ± 0.00 0.05 ± 0.00d,g 0.07 ± 0.00 0.08 ± 0.00
18:2n-6 22.0 ± 0.4 20.6 ± 0.4d,g 23.0 ± 0.4 22.9 ± 0.4 10.2 ± 0.2 9.7 ± 0.2d,f 10.5 ± 0.2 10.6 ± 0.2
18:3n-6 0.12 ± 0.01 0.06 ± 0.00d,g 0.11 ± 0.01 0.10 ± 0.01 0.05 ± 0.00 0.03 ± 0.00d,g 0.05 ± 0.00 0.04 ± 0.00
20:3n-6 3.5 ± 0.1 2.6 ± 0.1d,g 3.3 ± 0.1 3.3 ± 0.1 1.92 ± 0.06 1.59 ± 0.05d,g 1.89 ± 0.06 1.91 ± 0.07
20:4n-6 8.9 ± 0.2 8.1 ± 0.2d,g 8.9 ± 0.2 9.0 ± 0.2 13.9 ± 0.1 12.7 ± 0.1d,g 14.0 ± 0.1 14.0 ± 0.1
22:4n-6 0.43 ± 0.01 0.25 ± 0.01d,g 0.40 ± 0.01 0.40 ± 0.01 3.4 ± 0.1 2.6 ± 0.1d,g 3.3 ± 0.1 3.3 ± 0.1
22:5n-6 0.37 ± 0.02 0.66 ± 0.02d,g 0.34 ± 0.02 0.34 ± 0.02 0.78 ± 0.03 1.07 ± 0.02d,g 0.72 ± 0.03 0.72 ± 0.03
18:3n-3 0.20 ± 0.01 0.18 ± 0.01 0.22 ± 0.02 0.20 ± 0.01 0.13 ± 0.01 0.11 ± 0.00d,f 0.14 ± 0.01 0.13 ± 0.00
20:5n-3 0.58 ± 0.03 0.77 ± 0.03d,g 0.57 ± 0.04 0.52 ± 0.03b 0.41 ± 0.02 0.48 ± 0.02d,f 0.42 ± 0.02 0.40 ± 0.02
22:5n-3 0.90 ± 0.04 0.55 ± 0.02d,g 0.85 ± 0.04 0.85 ± 0.04 2.3 ± 0.1 1.7 ± 0.1d,g 2.3 ± 0.1 2.3 ± 0.1
22:6n-3 2.8 ± 0.1 7.4 ± 0.2d,g 2.6 ± 0.1 2.5 ± 0.1 4.4 ± 0.2 7.9 ± 0.2d,g 4.2 ± 0.1 4.0 ± 0.1c

EPA + DHA 3.4 ± 0.1 8.1 ± 0.2d,g 3.1 ± 0.1 3.0 ± 0.1 4.8 ± 0.2 8.4 ± 0.2d,g 4.6 ± 0.1 4.4 ± 0.1c

aValues are reported as mean ± SEM.
b,c,dSignificant difference between week 0 and week 8 (bP < 0.05, cP < 0.01, dP < 0.001).
e,f,gSignificant difference between DHA and placebo group at the same time point (eP < 0.05, fP < 0.01, gP < 0.001). PL, phospholipids; RBC, red blood cells.

TABLE 4
FA Composition (wt%) of RBC PE and RBC PC at Week 0 and Week 8a

RBC PE RBC PC

DHA group (n = 55) Placebo group (n = 52) DHA group (n = 55) Placebo group (n = 52)

Week 0 Week 8 Week 0 Week 8 Week 0 Week 8 Week 0 Week 8

16:0 16.0 ± 0.2 16.5 ± 0.2d,f 15.9 ± 0.2 15.8 ± 0.2 35.7 ± 0.2 36.1 ± 0.2c,e 35.6 ± 0.3 35.4 ± 0.3b

18:0 7.6 ± 0.1 7.6 ± 0.1 7.6 ± 0.1 7.7 ± 0.1d 9.9 ± 0.2 10.1 ± 0.2b 9.8 ± 0.2 10.0 ± 0.2
16:1n-7 0.27 ± 0.01 0.19 ± 0.01d,f 0.27 ± 0.02 0.26 ± 0.02 0.64 ± 0.03 0.48 ± 0.02d,e 0.63 ± 0.05 0.59 ± 0.04
18:1n-9 16.4 ± 0.2 16.1 ± 0.2c 16.7 ± 0.2 16.7 ± 0.2 15.9 ± 0.2 15.5 ± 0.2d,f 16.0 ± 0.2 16.2 ± 0.2
20:3n-9 0.10 ± 0.01 0.08 ± 0.00d,f 0.10 ± 0.00 0.11 ± 0.00c 0.09 ± 0.01 0.05 ± 0.00d,g 0.08 ± 0.01 0.09 ± 0.01
18:2n-6 6.5 ± 0.2 5.8 ± 0.2d,g 6.9 ± 0.2 6.9 ± 0.2 21.1 ± 0.3 20.2 ± 0.3d,f 21.6 ± 0.3 21.4 ± 0.3
18:3n-6 0.11 ± 0.00 0.09 ± 0.00d,g 0.11 ± 0.00 0.11 ± 0.00 0.08 ± 0.01 0.05 ± 0.00d,g 0.08 ± 0.00 0.07 ± 0.00
20:3n-6 1.70 ± 0.06 1.52 ± 0.05d,f 1.69 ± 0.06 1.71 ± 0.06 2.50 ± 0.07 1.96 ± 0.06d,g 2.45 ± 0.09 2.45 ± 0.09
20:4n-6 25.6 ± 0.2 23.8 ± 0.3d,g 25.5 ± 0.2 25.6 ± 0.2 6.0 ± 0.1 5.5 ± 0.1d,f 6.0 ± 0.1 6.0 ± 0.2
22:4n-6 8.5 ± 0.2 6.6 ± 0.2d,g 8.4 ± 0.2 8.5 ± 0.2 0.33 ± 0.02 0.24 ± 0.01d,g 0.30 ± 0.01 0.32 ± 0.01c

22:5n-6 1.15 ± 0.04 1.67 ± 0.04d,g 1.07 ± 0.05 1.07 ± 0.04 0.18 ± 0.01 0.32 ± 0.01d,g 0.16 ± 0.01 0.16 ± 0.01
18:3n-3 0.14 ± 0.01 0.11 ± 0.01d,g 0.16 ± 0.02 0.15 ± 0.01 0.20 ± 0.01 0.18 ± 0.01c 0.20 ± 0.02 0.19 ± 0.01
20:5n-3 0.77 ± 0.04 0.85 ± 0.04d 0.76 ± 0.04 0.78 ± 0.04 0.34 ± 0.02 0.45 ± 0.02d,g 0.34 ± 0.02 0.31 ± 0.02
22:5n-3 5.1 ± 0.1 3.6 ± 0.1d,g 5.1 ± 0.1 5.1 ± 0.1 0.52 ± 0.02 0.37 ± 0.01d,g 0.51 ± 0.02 0.51 ± 0.02
22:6n-3 6.5 ± 0.3 12.1 ± 0.3d,g 6.0 ± 0.3 5.8 ± 0.3c 1.38 ± 0.07 3.78 ± 0.13d,g 1.25 ± 0.06 1.23 ± 0.06
EPA + DHA 7.3 ± 0.3 12.9 ± 0.3d,g 6.8 ± 0.3 6.6 ± 0.3b 1.72 ± 0.08 4.22 ± 0.14d,g 1.58 ± 0.06 1.54 ± 0.06
aValues are reported as mean ± SEM.
b,c,dSignificant difference between week 0 and week 8 (bP < 0.05, cP < 0.01, dP < 0.001).
e,f,gSignificant difference between DHA and placebo group at the same time point (eP < 0.05, fP < 0.01, gP < 0.001). For abbreviation see Table 3.



supplementation in all investigated lipid fractions (Tables 3, 4).
The omega-3 index rose significantly from 4.8 ± 0.2 wt% to 8.4
± 0.2 wt% in the DHA-supplemented group, ranging after 8 wk
from 4.7 to 11.0 wt%. Relative to placebo application, supple-
mentation with DHA-rich microalgae oil resulted in significantly
higher contents of EPA + DHA in all tested lipid fractions. At
baseline, 29% of the DHA group and 33% of the placebo group
volunteers had an omega-3 index of ≤4%, and no one reached an
omega-3 index of ≥8%. After 8 wk of intervention, an omega-3
index of ≤4% did not occur anymore in the DHA group, but re-
mained in 39% of the placebo group subjects (P < 0.001). Sixty-
nine percent of the DHA-supplemented subjects had an omega-3
index of ≥8%, while no subject of the placebo group showed an
omega-3 index above 8% (P < 0.001).

Correlations between FA of RBC total lipids and other lipid
fractions. Spearman ρ correlation coefficients were computed

between the relative levels of FA in RBC total lipids and FA
percentages in RBC PE, RBC PC, and plasma PL for all sub-
jects at both time points (Table 5). Relative FA content in RBC
total lipids correlated significantly with the corresponding FA
content in the other lipid classes (plasma PL, RBC PC, and
RBC PE) (r always > 0.49). RBC total lipid DHA and RBC
total lipid EPA + DHA consistently showed the strongest cor-
relations with the other lipid fractions at both time points (r al-
ways > 0.90).

At baseline, correlation coefficients between omega-3 index
and EPA + DHA from RBC PE, RBC PC, and plasma PL were
almost identical in DHA and placebo groups (Fig. 2). After the
intervention, correlation coefficients remained similar to base-
line in the placebo group but were lower in the DHA group.
The correlations between EPA + DHA at week 0 and EPA +
DHA at week 8 were also lower in the DHA group in all tested
lipid fractions (in the placebo group r = 0.841–0.970; in the
DHA group r = 0.464–0.856, P always < 0.001).

In the DHA group, Spearman ρ correlations were computed
between RBC total lipid or plasma PL relative FA changes and
percentage changes in the other lipid fractions for LA, AA, n-6
DPA, ALA, EPA, n-3 DPA, DHA, and EPA + DHA. Relative
changes in RBC total lipid n-6 and n-3 FA correlated signifi-
cantly and positively with changes in the other lipid classes (r
always > 0.48); here, the correlations were highest for n-6 DPA,
EPA, DHA, and the omega-3 index (r always > 0.75). Relative
changes in RBC PE correlated better with RBC total lipid than
with plasma PL changes for all tested FA (data not shown).
Relative changes in plasma PL correlated best with RBC PC
for all tested n-6 and n-3 FA with exception of ALA.

DISCUSSION

A daily intake of 0.94 g DHA from Ulkenia oil markedly in-
creased the DHA content of plasma and RBC phospholipids.
Previous studies reported a two- to threefold increase of the
DHA content of serum and platelet PL after supplementation
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FIG. 1. Relative changes of selected FA in RBC total lipids, RBC PE, RBC
PC, and plasma PL in the DHA group compared with baseline values (n
= 52 in RBC total lipids, otherwise n = 55). Values were calculated as
individual’s percent change in each lipid fraction and are reported as
mean + SD. PA, 16:0; OA, 18:1n-9; LA, 18:2n-6; ALA, 18:3n-3; AA,
20:4n-6; DPA n-6, 22:5n-6; DPA n-3, 22:5n-3; EPA, 20:5n-3; DHA,
22:6n-3; PL, phospholipids; RBC, red blood cells.

TABLE 5
Spearman ρρ Correlations Between RBC Total Lipid FA (wt%) and FA from RBC PE, RBC PC, and Plasma PL
at Week 0 and Week 8 in All Subjects (n = 103)

RBC PE RBC PC Plasma PL

Week 0 Week 8 Week 0 Week 8 Week 0 Week 8

16:0 0.491a 0.521a 0.785a 0.705a 0.745a 0.753a

18:1n-9 0.711a 0.664a 0.782a 0.704a 0.528a 0.515a

18:2n-6 0.896a 0.887a 0.858a 0.930a 0.759a 0.802a

20:3n-6 0.798a 0.791a 0.777a 0.757a 0.790a 0.781a

20:4n-6 0.700a 0.826a 0.615a 0.700a 0.581a 0.661a

22:4n-6 0.946a 0.965a 0.668a 0.821a 0.604a 0.758a

22:5n-6 0.973a 0.969a 0.905a 0.910a 0.899a 0.895a

18:3n-3 0.612a 0.672a 0.815a 0.827a 0.747a 0.743a

20:5n-3 0.939a 0.913a 0.857a 0.856a 0.830a 0.817a

22:5n-3 0.947a 0.961a 0.691a 0.755a 0.762a 0.851a

22:6n-3 0.954a 0.971a 0.921a 0.955a 0.921a 0.944a

EPA + DHA 0.956a 0.972a 0.900a 0.959a 0.911a 0.944a

aSignificant correlations between RBC total lipid FA and FA of the other lipid fractions (P < 0.001). For abbreviations see
Table 3.



with 0.75, 1.50, or 1.62 g DHA/d for 6 wk (23–25) and a rise
of DHA levels in plasma PL by 76% and in RBC phosphoglyc-
erides by 58%, respectively, after 3 mon of supplementation
with 0.7 g DHA/d (26). The observed increase of EPA in RBC
and plasma lipids after DHA supplementation in our study ap-
pears to reflect retroconversion of DHA, as suggested also by
other observations (23,24,27,28). We found a decrease in n-6
LCPUFA (20:3n-6, 20:4n-6, 22:4n-6), accompanied by a de-
crease in n-3 DPA, consistent with other findings (23–25,27).
In contrast, n-3 DPA shows considerable enrichment in serum
and platelet phospholipids when fish or seal oils (providing
EPA, DHA, and some n-3 DPA) are fed (29,30). Thus, dietary
DHA and possibly also n-6 DPA appear to partially replace n-3
DPA in circulating and cellular phospholipids in human sub-
jects. In contrast to other studies using DHA-rich oils from an
algal source, which reported significant decreases in n-6 DPA
(23,24,27), we observed an increase of n-6 DPA in plasma and
RBC PL, which is explained by the significant n-6 DPA con-
tent in the tested oil derived from microalgae Ulkenia sp. (9.7
wt%).

The omega-3 index rose significantly from 4.8 ± 1.2 (mean
± SD) to 8.4 ± 1.3 wt% in the DHA-supplemented group. A
similar increase of the omega-3 index was reported by Harris
et al. (6) after EPA and DHA supplementation (1 g/d) for 5
mon. We found the relative and absolute changes in omega-3

index to be inversely correlated to baseline levels (r = −0.760,
P < 0.001 and r = −0.311, P = 0.025, respectively), indicating
that the (relative and absolute) increase of the omega-3 index
is higher in subjects with lower baseline levels. At baseline, no
subject reached a desirable omega-3 index of ≥8 wt%, although
more than 50% of the subjects reached or exceeded recom-
mended intakes for LA (2.5% of energy) and ALA (0.5% of
energy) and 26% had a dietary LA/ALA ratio below 5:1 as con-
sidered desirable (31). These results suggest that the in vivo
conversion of ALA to n-3 LCPUFA is not adequate to reach a
desirable EPA + DHA status even with a low dietary LA/ALA
ratio. Thus, a dietary intake of preformed n-3 LCPUFA seems
to be necessary to enhance the omega-3 index.

Relative changes of n-6 DPA, EPA, and DHA were greater
in plasma PL and RBC PC (Fig. 1) than in RBC total lipids
or RBC PE, with strong correlations between RBC PC and
plasma PL FA changes. RBC PE and plasma PL FA changes
were less closely related. Plasma PL FA change relatively fast
and reflect dietary intakes over the past few days (32). RBC
PL are asymmetrically distributed between the outer and the
inner layer of the membrane (33): the major part of PE is lo-
cated at the inner layer, whereas PC occurs predominantly on
the outer layer and can exchange more easily with plasma
lipids. Thus, PC reflects more directly the FA composition of
PL of the plasma (34), whereas the FA composition of PE
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FIG. 2. Correlations between EPA + DHA in RBC total lipids (wt%) vs. EPA + DHA in RBC PE, PC, and plasma PL (Spearman ρ correlation coeffi-
cient). nn and dashed line, placebo group; • and solid line, DHA group. For abbreviations see Figure 1.



appears to be more independent from the plasma FA and de-
pends on selective incorporation of PUFA and LCPUFA into
PE (35).

Relative changes in RBC total lipid n-6 DPA, EPA, and
DHA were lower than their average changes in RBC PE and
RBC PC (Fig. 1), indicating that these FA were preferentially
incorporated into PE and PC, which constitute about 23 and
22% of total membrane lipids (modified from Ref. 36, calcu-
lated without cholesterol), but less in the other lipids of the
RBC membrane such as sphingomyelin, PS, glycolipids, and
other lipids, constituting about 23, 9, 4, and 18% of total mem-
brane lipids, respectively.

Even though each lipid fraction revealed a distinct and char-
acteristic FA pattern, RBC total lipid FA were significantly cor-
related with FA from RBC PC, RBC PE, and plasma PL (Table
5) at both time points. In agreement, Vlaardingerbroek and
Hornstra (37) and Harris et al. (6) also reported strong correla-
tions between RBC and plasma PL LCPUFA. In contrast, a
study by Leichsenring et al. (38) did not find any relation of
RBC DHA (PE, PC, and total lipids) values to DHA levels in
plasma PL, which might be due to a greater heterogeneity of
their subjects with respect to age and diet.

After supplementation, correlation coefficients between
omega-3 index and RBC PE, RBC PC, and plasma PL, EPA +
DHA were higher in the placebo than in the DHA group (Fig.
2), and additionally, correlations between omega-3 index from
weeks 0 and 8 were stronger for the placebo group. These find-
ings may indicate that EPA + DHA contents in plasma and
RBC lipid fractions are not in a steady state after 8 wk of DHA
supplementation. Another explanation may be that the supple-
mented FA show individual differences in digestion, absorp-
tion, and preferential incorporation into the different lipid frac-
tions.

Reported energy intake in the DHA group was significantly
lower during intervention compared with baseline (−11%), but
remained unchanged in the placebo group (Table 2). We ob-
served no changes in body weight over the study period of 8
wk in the DHA group, but a slight weight gain in the placebo
group (+0.5 kg). An explanation for the reduced energy intake
without weight loss in the DHA group and the weight gain
without increased energy intake in the placebo group could be
that the energy requirements decreased in both groups during
the intervention period, e.g., because of less physical activity
related to seasonal influences. The participation in a nutritional
study and the intake of oil-containing capsules might have
caused larger reductions in dietary intakes and/or a greater “un-
derreporting” of consumed foods than before the intervention
in both groups at the days of the dietary record. Since we ob-
served a trend toward lower energy intakes in the DHA group
relative to placebo, the tested microalgae oil might have had a
different effect on appetite or regulation of food intake than
olive oil in the vegetarian subjects studied. As 8-wk supple-
mentation with 0.94 g DHA/d from microalgae oil (Ulkenia
sp.) achieves a desirable omega-3 index of ≥8% in subjects
with low basal n-3 LCPUFA status, microalgae oil might be a
valuable alternative to fish/fish oil for vegetarians.
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ABSTRACT: The beneficial roles of dietary fish oil in lowering
serum TAG levels in animals and humans have been attributed in
part to the high content of two n-3 polyunsaturated very long-
chain FA, EPA, and DHA. Recent studies show that EPA induces
mitochondrial β-oxidation in hepatocytes, which might con-
tribute to the systemic lipid-lowering effect. Whether EPA affects
FA storage or oxidation in adipocytes is not clear. To investigate
this possibility, 3T3-L1 adipocytes incubated with EPA (100 µM)
for 24 h were assayed for β-oxidation, carnitine palmitoyl trans-
ferase 1 (CPT-1) activity, protein, and mRNA expression of CPT-
1. For comparison, cells treated with oleic acid, octanoic acid,
and clofibrate, a synthetic ligand for peroxisome proliferator-acti-
vated receptor α were also analyzed. Mitochondria were isolated
by differential centrifugation, and the mitochondrial membrane
acyl chain composition was measured by GLC. EPA increased
the oxidation of endogenous FA but did not inhibit lipogenesis.
Oleic acid and clofibrate did not affect FA oxidation or lipogene-
sis, whereas octanoic acid suppressed the oxidation of endoge-
nous FA and inhibited lipogenesis. Increased β-oxidation by EPA
was associated with increased CPT-1 activity but without changes
in its mRNA and protein expression. EPA treatment increased the
percentage of this FA in the mitochondrial membrane lipids. We
suggest that EPA increased the activity of CPT-1 and β-oxidation
in adipocytes by altering the structure or dynamics of the mito-
chondrial membranes.

Paper no. L9788 in Lipids 40, 815–821 (August 2005).

The beneficial roles of dietary fish oil in the human diet have
been attributed to the high content of two n-3 polyunsaturated
very long-chain FA, EPA, and DHA (1–4). Animal studies as
well as in vitro cell studies have provided some insights into
possible mechanisms for these effects (5–10). Both EPA and
DHA activate peroxisome proliferator-activated receptor α
(PPARα), the nuclear transcription factor that regulates the ex-
pression of key enzymes in the control of FA β-oxidation in mi-
tochondria and peroxisomes (6). EPA has been shown to in-
duce mitochondrial FA oxidation and contribute to lipid-lower-
ing effects (7), whereas the effects of DHA are still debatable
(7,11). In hepatocytes, EPA increases the expression of carni-
tine palmitoyl transferase 1 (CPT-1), which increases the flux
of FA toward mitochondrial β-oxidation and reduces the sub-

strates for lipid synthesis and lipoprotein secretion. In hepato-
cytes EPA directly reduces TAG synthesis by direct inhibition of
DAG acyltransferase activity (6). EPA also inhibits apolipopro-
tein secretion in both enterocytes and hepatocytes (12,13). Any
one or a combination of these mechanisms could contribute to
the systemic lipid-lowering effects of fish oil or EPA dietary sup-
plements.

Several previous reports have shown that fish oil reduces
adipocyte cell size and fat pad mass, and that it increases the
cellular response to insulin and β-agonist-stimulated lipolysis
(1,5,8,14,15). It is not clear whether these effects are caused by
n-3 FA acting on adipocytes or are secondary to the changes in
hepatic or systemic metabolism. In this work, we studied the
effects of EPA on FA oxidation and lipid synthesis in 3T3-L1
adipocytes. We found that EPA significantly increased the β-
oxidation of endogenous FA with a concomitant increase in
CPT-1 enzyme activity, consistent with the prior studies on he-
patocytes. In contrast, treatment with oleic acid or octanoic acid
did not affect CPT-1 activity in adipocytes. On the other hand,
EPA did not appear to inhibit either de novo FA synthesis or
TAG synthesis in adipocytes, implying that the mechanisms by
which EPA modulated lipid metabolism in hepatocytes (6)
might not be directly extrapolated to adipocytes, although both
cell types share many of their lipid metabolic pathways.

MATERIALS AND METHODS

Cell culture and FA treatment. 3T3-L1 adipocytes were pre-
pared as described previously (16). For each experiment, cells
were incubated with serum-free DMEM for 14 h before the test
reagents were added. EPA (100 µM in a complex with 40 µM
BSA), oleic acid (100 µM in a complex with 40 µM BSA), oc-
tanoic acid (1.0 mM, with 40 µM BSA), and clofibrate (300
µM, with 40 µM BSA) were added to the cells maintained in
DMEM. The higher concentration of octanoic acid was re-
quired because of the much lower partitioning of this medium-
chain FA into the plasma membrane (17). Control cells were
maintained in DMEM with 40 µM BSA. All concentrations are
given as final concentrations in the incubation medium.

FA oxidation. Adipocytes grown in six-well plates were prein-
cubated with [9,10-3H] oleic acid (0.5 µCi/mL) for 4 d in
DMEM with 10% FBS. To enhance the enrichment of isotope in
the endogenous pool, fresh isotope tracer was added every day.
The absolute amount of oleic acid added by this procedure was
very low (<10 nM), and its perturbation of cellular metabolism
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was considered to be negligible. Cells were then washed three
times with warm PBS and added to 2 mL of phenol red-free
DMEM containing the test reagents described above. After 24 h,
1.2 mL of the medium from each incubation was removed into
three small plastic vials (0.4 mL/vial), which in turn were placed
in one large screw-capped glass vial surrounded with 1.2 mL of
unlabeled water and sealed with paraffin. This closed system was
placed in an incubator at 58°C for 24 h to allow equilibrium to
be reached between the labeled and unlabeled water phases. The
small vial containing the original medium was then removed,
and the radioactivity absorbed into the bulk water phase through
vapor exchange was used for quantification by scintillation
counting as described previously (18).

Incorporation of 3H2O and [U-14C]glucose into cellular
lipids. Adipocytes treated in parallel under the above condi-
tions (except without preincubation of the isotope-labeled FA)
were incubated with 3H2O (100 µCi/mL) or [U-14C]glucose
(0.5 µCi/mL). After 24 h, the cellular lipids were harvested and
hydrolyzed as described previously (16). The amount of tritium
accumulated in the FA fraction was quantified by β-counting
and was used to calculate the amount of FA synthesized de
novo. The amount of 14C recovered from the glycerol fraction
was quantified by β-counting and was used to calculate the
amount of TAG synthesized in this period of time.

Mitochondrial isolation and CPT-1 activity. Mitochondria
were isolated using a standard protocol (19) with slight modifi-
cations. Cultured adipocytes were harvested into 5 mL of ho-
mogenization buffer (250 mM sucrose, 10 mM Tris-HCl, 1.0
mM EDTA, 1 mM PMSF, pH 7.0). Cells were homogenized
using 10 strokes of a Potter–Elvehjem tissue grinder at the
maximum power setting. The homogenate was centrifuged at
600 × g for 10 min. The supernatant was then centrifuged at
16,000 × g for 10 min at 4°C. The pellet was resuspended in 10
mL of sucrose cushion (3 g sucrose dissolved in the same ho-
mogenization buffer) and centrifuged at 25,000 × g for 10 min
at 4°C. The final mitochondrial pellet was resuspended in CPT
assay buffer (150 mM KCl, 5 mM Tris-HCl, 4 mM MgCl2, pH
7.2). CPT activity was measured using a published protocol
(20).

The assay mix (100 µL per reaction) was prepared with the
assay buffer added with l-[methyl-3H]carnitine (0.5 mM, 10
µCi/mL), 100 µM palmitoyl-CoA, 4 mM ATP, 0.25 mM glu-
tathione, 2 mM KCN, 40 mg/L rotenone, and 0.5% FA-free
BSA. The reaction was started by adding 20 µg of mitochondr-
ial protein, and the assay mix was incubated at room tempera-
ture for 6 min. The reaction was stopped by adding 100 µL of
1 N HCl, followed by the extraction of palmitoyl-[3H]carnitine
using 1-butanol. For each measurement, the CPT activity was
measured in the absence (CPT-1 and partial CPT-2) and in the
presence of 100 µM malonyl-CoA (CPT-1 inhibited). The CPT-
1 activity was calculated as the difference between these two
measurements.

Western blot analysis. A cell lysate was prepared using a
mammalian cell lysis kit according to the manufacturer’s in-
structions. The proteins were separated by SDS-PAGE with
protein loading of 15 µg/lane. The primary antibody for CPT-1

(rabbit-anti-mouse) was from Alpha Diagnostic Inc. (San An-
tonio, TX). The secondary antibody (goat-anti-rabbit) was from
Pierce (Rockford, IL).

Mitochondrial phospholipid FA composition analysis. After
measuring the CPT-1 activity, the residual mitochondrial frac-
tion was extracted by the method of Folch et al. (21). The lipid
mixture was separated by TLC (hexane/ether/acetic acid,
80:20:1). The phospholipid fraction was eluted from the silica
gel with CHCl3/CH3OH/NH4OH (1:1:0.07), dried under a
stream of N2, and methylated using a BF3/CH3OH kit from Su-
pelco (St. Louis, MO) according to the manufacturer’s instruc-
tions. The acyl chain composition was analyzed using a GLC
method as described previously (16).

RNA analysis. Total RNA was prepared and analyzed as de-
scribed previously (22). The primer sequence used for CPT-1
was from the literature (23).

Other biochemical assays. Concentrations of cellular TAG,
DNA, protein, and glycerol release were measured using com-
mercial kits from Sigma as described previously (16).

Materials. Unless otherwise indicated, all regular cell cul-
ture supplies were from Fisher (Agawa, MA); all radioactive
isotope-labeled chemicals were from NEN (Boston, MA); and
all other reagents and organic solvents were from Sigma.

Statistics. Data are expressed as means ± SE. Comparisons
between two groups of data were made using Student’s t-test.
For others, the results were analyzed using one-way ANOVA
and Duncan’s multiple comparison tests. Differences were con-
sidered statistically significant when P < 0.05.

RESULTS

EPA increased FA oxidation in adipocytes. To provide a pool
of endogenous FA that could be monitored during the experi-
ments with EPA and other additives, cells were prelabeled with
[9,10-3H]oleic acid (>95% of the labeled oleic acid was found
in TAG after lipid fractionation analysis, data not shown). β-
Oxidation was measured by quantifying the release of 3H2O
from the endogenous esterified [9,10-3H]oleic acid. As shown
in Figure 1A, EPA increased β-oxidation of endogenous oleic
acid in adipocytes by about 40% (P < 0.05, n = 5). Incubation
with octanoic acid decreased the oxidation of [9,10-3H]oleic
acid, probably caused by substrate competition between oc-
tanoic acid and oleic acid, which favors octanoic acid because
it can be β-oxidized independently of CPT-1 (24). Incubation
with oleic acid and clofibrate slightly increased the oxidation
of endogenous oleic acid, but the difference was not statisti-
cally significant (P = 0.5 and 0.7, respectively). The amount of
glycerol released from cells treated under these five conditions
was similar in all cases (250 ± 10 nmol/24 h/106cells), imply-
ing that the release of endogenous FA did not account for the
difference in β-oxidation.

EPA increases in vitro CPT-1 activity of adipocytes. Since
CPT-1 is the only known enzyme that transports activated long-
chain FA into the mitochondria for β-oxidation (19), we then
determined whether the observed changes in β-oxidation were
associated with corresponding changes in CPT-1 activity. To
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determine the optimal mitochondrial protein concentration for
the enzyme activity assay, we first measured the CPT-1 activity
using different amounts of proteins prepared from the control
cells, which showed a linear range from 5 to 30 µg (Fig. 1B).
The final enzyme activity was measured using 20 µg of mito-
chondrial crude proteins. As shown in Figure 1C, CPT-1 activ-
ity in the isolated mitochondria was increased by ∼40% after
cells were treated with EPA. Under otherwise identical condi-
tions, octanoic acid, oleic acid, and clofibrate did not signifi-
cantly affect CPT-1 activity (P = 0.2, 0.5, 0.8, respectively).
These findings show that the CPT-1 activity assayed from iso-
lated mitochondria was proportional to the rate of β-oxidation
in intact cells.

EPA did not change the expression level of CPT-1. To deter-
mine whether the changes in CPT-1 activity were associated
with increased expression levels of this enzyme, the relative
abundance of mRNA and protein of CPT-1 were analyzed by
semiquantitative reverse-transcription (RT)-PCR. As shown in
Figure 2A, EPA, as well as octanoic acid and oleic acid, did
cause detectable effects on CPT-1 mRNA. There was a trend
of increased CPT-1 expression in cells treated with clofibrate
(Fig. 2A, 2B), but the difference did not reach statistical signif-
icance (P = 0.2 and 0.5 for mRNA and protein, respectively, n
= 3 for each). The results of these measurements were validated

by PCR measurements using different cycle conditions and by
Western blot analysis with different protein loadings to ensure
that the results were within the linear range of comparison (data
not shown). As an independent verification of our methods, we
also measured the mRNA in human hepatoma cells (HepG2)
treated in parallel. We found that EPA, oleic acid, and clofibrate
increased the expression of CPT-1 by 50, 38, and 72%, respec-
tively (n = 3, P < 0.05 compared with control). whereas oc-
tanoic acid had no effect, consistent with previous reports (6).

Alteration in the fatty acyl composition of mitochondrial
membrane lipids. Since EPA has been shown to displace pro-
teins from membrane rafts by altering the membrane lipid com-
position (25), we next investigated whether the changes in
CPT-1 enzyme activity were associated with a change in the
mitochondrial membrane lipid composition. As shown in Fig-
ure 3, EPA typically constitutes a very small fraction of the FA
in mitochondrial phospholipids. Incubation with exogenous
EPA increased the percentage of EPA in the mitochondrial
membrane lipids by about fivefold. This was accompanied by
a reduction of 16:1 in the mitochondrial membrane lipids as
compared with the control cells. The net change caused an in-
crease in the degree of unsaturation. Incubation with either oc-
tanoic acid or clofibrate did not cause detectable changes in the
mitochondrial membrane lipid composition (Fig. 3). Adding

EPA AND FA OXIDATION IN ADIPOCYTES 817

Lipids, Vol. 40, no. 8 (2005)

FIG. 1. Effects of EPA on β-oxidation and carnitine palmitoyl transferase 1 (CPT-1) activity. (A) Adipocytes were
preincubated with [9,10-3H]oleic acid for 4 d, and then treated with EPA (100 µM), oleic acid (OA, 100 µM), oc-
tanoic acid (OCT, 1 mM), or clofibrate (Clof, 300 µM) in serum-free DMEM with 0.5% BSA for 24 h. The amount of
3H2O liberated in this period was measured as the index for β-oxidation of endogenous FA. Data are means ± SE, n
= 4; *t-test vs. control (CON). (B) CPT-1 activity was measured with different amounts of mitochondrial crude pro-
teins from the control cells to determine the linear range of measurement. Data are means ± SE, n = 3, for each data
point. (C) Cells were treated with EPA and other additives for 24 h, the same as those shown above. The mitochon-
drial fraction was isolated by sequential centrifugation, and the CPT-1 activity was assayed as described in the Ma-
terials and Methods section. Data are means ± SE, n = 5. *P < 0.05, vs. control.



oleic acid to the exogenous medium slightly increased the per-
centage of 18:1 in the membrane lipids, accompanied by a sim-
ilar decrease of 16:1. Therefore, the overall acyl chain unsatu-
ration remained unchanged.

Lipogenesis in adipocytes treated with EPA and other addi-
tives. Since lipid synthesis is one of the major metabolic events
that directly affects the storage of fat in adipocytes, we investi-
gated how treatment with EPA would affect this process, in
comparison with cells treated with other additives. We found
that EPA treatment did not affect de novo FA synthesis but in-
creased TAG synthesis, as measured by the incorporation of
glucose into the glycerol backbone (Table 1). Treatment with

oleic acid caused a similar result, suggesting this might be a
common effect of adding exogenous long-chain FA to cell cul-
tures. Octanoic acid inhibited de novo FA synthesis but did not
affect TAG synthesis, as reported previously (26). Clofibrate
affected neither de novo FA synthesis nor TAG synthesis.

Despite the difference in β-oxidation and lipid synthesis,
total TAG stores did not differ significantly in adipocytes
treated as described in the Materials and Methods section, pos-
sibly because most of the stored fat was acquired before the
treatments. These results also indicate that it was easier to de-
tect the changes in a smaller pool of FA undergoing β-oxida-
tion than in the much larger pool of FA stored in TAG.
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FIG. 2. Effects of EPA on mRNA (A) and protein (B) expression of CPT-1. Cells were prepared the same as those in
Figure 1. RNA and protein were isolated after 24 h of incubation and analyzed as described in the Materials and
Methods section (mean ± SE, n = 3). RT-PCR, reverse-transcription polymerase chain reaction; for other abbrevia-
tions see Figure 1.

FIG. 3. Effects of EPA on mitochondrial membrane lipid FA composition. Cells were prepared the same as those in
Figure 1. Mitochondrial phospholipids were isolated as described in the Materials and Methods section. The fatty
acyl methyl esters were analyzed by GLC (n = 3). The assignment was done by reference to known fatty acyl methyl
ester standards. Small amounts of other acyl chains were also detected (<3%, not shown). For abbreviations see
Figures 1 and 2.



DISCUSSION

That dietary FA activate FA β-oxidation in hepatocytes has
been well established (27–29), but such a direct effect in
adipocytes had not been determined in a controlled setting in
vitro. Our results demonstrate that the β-oxidation of endoge-
nous FA in adipocytes was increased by treatment with EPA
but was not affected by oleic acid (Fig. 1A). This is consistent
with a previous study showing that feeding rats with n-3 FA,
but not monounsaturated FA, stimulated mitochondrial oxida-
tion in adipose tissue (30). Clofibrate, the activating ligand for
PPARα, also did not affect FA oxidation. Octanoic acid, on the
other hand, inhibited the oxidation of endogenous FA (Fig.
1A). EPA also increased adipocyte mitochondrial CPT-1 activ-
ity, whereas oleic acid, octanoic acid, and clofibrate did not
(Fig. 1B). EPA, as well as oleic acid and clofibrate, did not af-
fect de novo FA synthesis (Table 1). Both EPA and oleic acid
increased net TAG synthesis (Table 1). Octanoic acid, on the
other hand, inhibited de novo FA synthesis but did not affect
basal TAG synthesis (Table 1). However, within the 24-h incu-
bation period, none of these changes had a significant effect on
total cellular TAG contents.

EPA is known to be an activating ligand for PPARα, the nu-
clear transcription factor that regulates the expression of FA
catabolic genes, including CPT-1 (31–35). An EPA-induced in-
crease in CPT-1 expression is considered to be one of the main
mechanisms for increased CPT-1 activity in hepatocytes (6).
One would expect that EPA-induced CPT-1 activity in
adipocytes might also be a result of ligand activation of
PPARα, leading to increased transcription of this enzyme (36).
However, we did not detect significant effects of EPA on CPT-1
at either the mRNA or the protein level (Fig. 2). The mRNA
levels of PPARα and a few of its downstream targets, includ-
ing acyl-CoA oxidase and acyl-CoA synthase, were also un-
changed by the treatment with EPA or other additives used in
this work (data not shown). Therefore, we conclude that under
our experiment conditions, EPA-induced CPT-1 activity is not
likely mediated through the PPARα pathway. The low abun-
dance of PPARα expressed in adipocytes as compared with its
high abundance in hepatocytes might partly explain the dis-
crepancy in the effects of EPA on CPT-1 expression between
these two cell types. Even clofibrate, a synthetic PPARα-spe-
cific ligand, failed to induce significant changes in CPT-1 ex-
pression (Fig. 2), consistent with findings that fenofibrate, an-
other synthetic PPARα-specific ligand, had minimal effects on

the expression of PPARα target genes in either rat adipose tis-
sue or 3T3-L1 adipocytes (37).

On the other hand, although expressed to a limited extent,
PPARα has been demonstrated to be functional in adipocytes
(23,36,38), and might be regulated by supra-high dosages of
synthetic ligands (39). Therefore, the lack of effects of EPA, or
oleic acid and clofibrate, on CPT-1 mRNA in adipocytes might
not be entirely due to the low expression levels of PPARα in
these cells. An alternative possibility is that ligand stimulation
of PPARα might already have been saturated in adipocytes be-
cause of its constant exposure to high levels of endogenous FA.
Most of these FA can also be activating ligands of PPARα (34).
In this regard, moderate variations in exogenous FA within a
short period of time might not be sufficient to alter the tran-
scriptional activity of PPARα in adipocytes. Hence, an alterna-
tive mechanism needs to be considered to interpret the EPA-
mediated increase in CPT-1 activity and the associated increase
in FA oxidation.

Mitochondrial CPT-1 activity can be modified by the fluid-
ity of the membranes in which it resides, as shown by an ear-
lier study (40). Because mitochondrial lipids contain a low pro-
portion of cholesterol, membrane fluidity is largely controlled
by the acyl chain unsaturation of the phospholipids. As shown
in Figure 3, exogenous EPA was incorporated into mitochon-
drial membrane lipids with a simultaneous decrease in palmit-
oleic acid (16:1). These changes in the mitochondrial mem-
brane lipids are expected to alter membrane structure and cell
functions (2,11), as we also confirmed (Fig. 1A, 1B). The di-
rect cause(s) of changes in CPT-1 activity, however, merit fur-
ther investigation.

In addition to its effects on β-oxidation and CPT-1 activity,
EPA has been shown to inhibit lipogenesis and reduce TAG
synthesis in hepatocytes (41). In contrast, we found that EPA
did not inhibit de novo FA synthesis and even increased TAG
synthesis in adipocytes, as evidenced by the increased synthe-
sis of the TAG-glycerol moiety (Table 1). Similar results were
found when cells were treated with oleic acid but not octanoic
acid (26). Such an increase in TAG synthesis is likely caused
by an increased availability of exogenous substrates, which im-
plies that EPA can be used for lipid synthesis in adipocyte
analogs to oleic acid.

A quantitative comparison of the results in Table 1 shows
that the amount of FA or TAG synthesized de novo during the
24-h incubation period accounted for only a small fraction of
the total storage of TAG, implying that the majority of cellular
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TABLE 1
The Effects of EPA on de novo FA Synthesis from 3H2Oa, TAG-Glycerol Synthesisb, and Total Cellular TAG Contentc

Additives Control EPA Octanoic acid Oleic acid Clofibrate

De novo synthesized FA 5.9 ± 0.5 7.0 ± 0.8 1.9 ± 0.2* 5.0 ± 1.0 5.8 ± 0.6
Newly synthesized TAG-[U-14C]glycerol 15.9 ± 0.5 22.8 ± 1.1** 16.1 ± 0.4 25.5 ± 0.7** 16.1 ± 1.1
Cellular TAG 465 ± 31 421 ± 15 441 ± 15 476 ± 21 443 ± 25
aMeasured as pmol/h/106 cells.
bMeasured as pmol/h/106 cells, as TAG-derived [U-14C]glycerol.
cMeasured as mg/106 cells, as total TAG-derived glycerol. Cells were treated as in Figure 1 (mean ± SE, n = 4); *P < 0.05 significantly reduced; **P < 0.05,
significantly increased compared with the control.



TAG was preformed before the incubation was initiated.
Hence, although EPA and oleic acid both increased TAG syn-
thesis, they did not substantially change the total TAG storage.
In addition, since de novo FA synthesis occurred at a slower
rate than net TAG synthesis, most of the FA substrate used for
TAG synthesis in these cells might come from intracellular FA
recycling or from exogenously added FA.

In summary, we showed that EPA increases CPT-1 activity
and β-oxidation in adipocytes. Since FA oxidation normally
accounts for only a very small part of the fat disposition in
adipocytes (18), we did not detect an acute effect of EPA on
lipid synthesis and storage in adipocytes, as previously estab-
lished in hepatocytes. Our results support the hypothesis that
the hypolipidemic effect of EPA or fish oil found in vivo might
be primarily a liver-mediated systemic effect. However, a small
but steady increase in β-oxidation might gradually modulate
fat storage in adipocytes on a long-term basis.
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ABSTRACT: The trans-10,cis-12 isomer of conjugated linoleic
acid (CLA) decreases TAG accumulation in 3T3-L1 adipocytes,
reduces lipid accretion in growing animals, and inhibits milk fat
synthesis in lactating mammals. However, there is evidence to
suggest that other FA may also exert antilipogenic effects. In the
current experiment, the effects of geometric isomers of 10,12 CLA
on milk fat synthesis were examined using four Holstein-British
Friesian cows in a 4 × 4 Latin Square experiment with 14-d peri-
ods. Treatments consisted of abomasal infusions of skim milk, or
skim milk containing trans-10,cis-12 CLA (T1), trans-10,trans-12
CLA (T2), or a mixture of predominantly 10,12 isomers contain-
ing (g/100 g) trans-10,cis-12 (35.0), cis-10,trans-12 (23.2), trans-
10,trans-12 (14.9), and cis-10,cis-12 (5.1). CLA supplements were
prepared from purified ethyl linoleate and infused as nonesteri-
fied FA. Infusions were conducted over a 4-d period with a 10-d
interval between treatments and targeted to deliver 4.5 g/d of
10,12 CLA isomers. Compared with the control, trans-10, trans-
12 CLA had no effect (P > 0.05) on milk fat yield, whereas treat-
ments T1 and T3 depressed (P < 0.05) milk fat content (19.8 and
22.9%, respectively) and decreased milk fat output (20.8 and
21.3%, respectively). Comparable reductions in milk fat synthesis
to 4.14 and 1.80 g trans-10,cis-12/d supplied by treatments T1
and T3 indicate that other 10,12 geometric isomers of CLA have
the potential to exert antilipogenic effects. The relative abun-
dance of cis-10,trans-12 CLA in treatment T3 and the low transfer
efficiency of this isomer into milk suggest that cis-10,trans-12 CLA
was the active component..

Paper no. L9762 in Lipids 40, 823–832 (August 2005).

It is well established that isomers of CLA are involved in the
regulation of lipid metabolism. Supplements of a mixture of
CLA isomers containing trans-8,cis-10; cis-9,trans-11; trans-
10,cis-12; and cis-11,trans-13 have been shown to reduce body
fat in growing animals and decrease milk fat content in several
species including the pig, cow, and human (1). Investigations
with pure isomers in the 3T3-L1 adipocyte cell culture model
(2), mice (3), and lactating dairy cows (4) have revealed that
the antilipogenic effects are attributable to the trans-10,cis-12
isomer. In addition, studies in dairy cows have also shown that
cis-9,trans-11 (4) or a mixture of CLA isomers containing
trans-8,cis-10 or cis-11,trans-13 (5) has no effect on milk fat
content. Thus far, trans-10,cis-12 is the only isomer of CLA

shown unequivocally to reduce milk fat synthesis in lactating
dairy cows.

Formation of trans-10,cis-12 CLA in the rumen is enhanced
when high concentrate–low fiber diets are fed, with an increase
in ruminal formation of this isomer being related to decreases
in milk fat secretion (6,7). However, during diet-induced milk
fat depression, concentrations of trans-10,cis-12 CLA in milk
fat are less than half those when comparable reductions in milk
fat secretion are induced with postruminal trans-10,cis-12 CLA
infusions (8). Furthermore, small or negligible increases in
trans-10,cis-12 CLA have been reported during milk fat de-
pression when diets containing marine oils are fed (9,10).
Overall, these findings tend to suggest that other biohydrogena-
tion intermediates formed in the rumen also may have a role in
the regulation of milk fat synthesis, but the identity of these FA
remains unclear.

Park and Pariza (11) reported that a mixture of conjugated
nonadecadienoic acid (CNA) isomers, containing cis-10,trans-
12 CNA and trans-11,cis-13 CNA as major components, de-
creased fat deposition in mice to a greater extent than trans-
10,cis-12 CLA. Since the CNA supplement contained compa-
rable amounts of cis-10,trans-12 CNA and trans-11,cis-13
CNA, isomer-specific effects could not be determined. Owing
to the structural analogy with trans-10,cis-12 CLA, the antili-
pogenic effects were attributed to the trans-11,cis-13 isomer of
CNA (11). However, it is possible that the antilipogenic effects
of trans-10,cis-12 CLA relate to the position of the 10,12 con-
jugated double bond structure relative to the carboxyl rather
than the methyl group of the FA moiety, with the implication
that the reduction in tissue lipid accretion of CNA isomers in
mice could be a direct response to cis-10,trans-12 CNA.

To test this hypothesis, the effects of a mixture of 10,12
CLA isomers containing a structural 18-carbon analog (cis-
10,trans-12 CLA) as a major component on milk fat synthesis
in the lactating dairy cow were examined in the current study,
relative to trans-10,trans-12 CLA and the known inhibitor
trans-10,cis-12 CLA.

MATERIALS AND METHODS

Experimental animals and diet. Four multiparous lactating
Holstein-British Friesian cows (679 ± 10.3 kg live weight and
303 ± 25.9 d in lactation; mean ± SE) fitted with rumen fistula
(100 mm i.d.; Bar Diamond, Parma, ID) were used in the pre-
sent experiment lasting 56 d. All procedures used were li-
censed, regulated, and inspected by the United Kingdom Home
Office under the Animals (Scientific Procedures) Act of 1986.
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The animals were housed in individual stalls within the Metabo-
lism Unit of the Centre for Dairy Research, University of Read-
ing, United Kingdom. Cows were offered a total mixed ration
formulated (Table 1) to meet or exceed nutrient requirements ac-
cording to the Agricultural and Food Research Council (12).
Diets were offered ad libitum and fed as equal meals at 0800 and
1600. Cows had continuous access to water and trace-mineral-
ized salt blocks (Baby Red Rockies, Winsford, Cheshire, United
Kingdom) and were milked at approximately 0600 and 1630.

Experimental design and treatments. Cows were randomly
assigned treatments in a 4 × 4 Latin Square design. Treatments
consisted of abomasal infusions targeted to provide 0 (control)
or 4.5 g/d of trans-10,cis-12 CLA (T1), trans-10,trans-12 CLA
(T2), or a mixture of 10,12 geometric isomers of CLA (T3). In-
fusions started at 1630 and lasted for 4 d with a 10-d interval
between infusion periods to minimize treatment carry-over ef-
fects. Postruminal infusion was used as a convenient means of
delivering FA to the small intestine, avoiding ruminal biohy-
drogenation and possible effects on the microbial population in
the rumen and enabling the amount of FA supplied by each
treatment to be accurately determined. Infusion lines were es-
tablished using Nalgene tubing that passed through the rumen
fistula and reticulo-omasal orifice and a peristaltic pump

(Model 202; Watson-Marlow, High Wycombe, United King-
dom) calibrated to deliver 3 kg of infusate/d. Infusions were
conducted over a period of 23 h/d at a rate of 130 g/h to allow
time for daily line flushing to prevent deterioration of infusion
rates. Four-day infusions were used, since earlier studies
showed that reductions in milk fat synthesis due to trans-
10,cis-12 CLA reach a nadir after this period of infusion (4,13).

The CLA treatments in the form of nonesterified FA prepa-
rations were infused as an emulsion with skim milk. Three sep-
arate skim milk and CLA emulsions (13.5 L/treatment) were
prepared in the morning before each infusion period by mixing
the appropriate amount of CLA material and skim milk (85°C)
with a high-shear mixer (Model L4RT; Silverson Machines,
Chesham, United Kingdom) and passing each mixture through
a single-stage pressure homogenizer (APV; Rannie, Copen-
hagen, Denmark). Two passes were performed at pressures of
200 and 50 bar, respectively, to ensure uniform dispersion of
the CLA supplements in skim milk. Once prepared, emulsions
were stored at 4°C before infusion.

Measurements and sampling. Individual cow intakes were
measured daily during each infusion period. Representative sam-
ples of fresh diets and feed refusals were composited daily and
stored at −20°C. Dry matter contents were determined after dry-
ing at 100°C for 24 h. Frozen feed samples were analyzed for
volatile components or dried at 60°C, ground, and submitted for
the determination of chemical composition using accredited and
Parliament-approved procedures for feedstuff analysis (14,15)
by a commercial laboratory (Natural Resources Management,
Bracknell, United Kingdom). Dry matter content of silage was
corrected for volatile losses according to Porter et al. (16).

Milk yields were recorded daily. Samples of milk for the de-
termination of fat, protein, and lactose were collected from
each cow at each milking 24 h before and during the 96-h infu-
sion period. Milk samples were treated with potassium dichro-
mate preservative (1 mg/mL; Lactabs; Thompson & Capper,
Runcorn, United Kingdom) and stored at 4°C prior to analysis.
Milk fat, crude protein, and lactose were determined using a
Milko-Scan 133B analyzer (Foss Electric Ltd., York, United
Kingdom). FA composition was determined in untreated sam-
ples of milk collected during the last 24 h of each infusion pe-
riod and bulked according to yield. Milk samples for FA deter-
minations were stored at −20°C until submitted for analysis.

Synthesis of CLA supplements. The CLA supplements were
synthesized by Natural ASA (Hovdebygda, Norway) using a
FA ethyl ester distillate prepared from safflower oil (Cognis
GmbH, Düsseldorf, Germany) as the starting material. After
dissolving in acetone and cooling to −60°C, precipitated oleic
acid was removed by filtration, and the ethyl ester contained ap-
proximately 95% ethyl linoleate after solvent removal. The puri-
fied ethyl linoleate concentrate was heated at 120°C for 3 h with
catalytic amounts of potassium ethoxide and ethanol (17) to yield
a mixture of cis-9,trans-11 and trans-10,cis-12 ethyl esters,
which contained less than 3 g/100 g of other CLA isomers.
Thereafter, the mixture of conjugated ethyl esters was distilled in
a molecular distillation plant, and a concentrate of trans-10,cis-
12 was obtained by low-temperature crystallization at −60°C.
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TABLE 1
Diet Formulation and Chemical Composition

Composition

Ingredient (g/100 g dry matter)
Grass silage 10.0
Corn silage 30.0
Cracked wheat 16.7
Ground barley 9.2
Rapeseed meala 4.1
Soybean meal 6.1
Molassed sugarbeet pulpb 9.2
Wheat feed (middlings) 8.2
Blended cane molasses and ureac 4.0
High protein corn gluten meal 1.0
(Prairie meal)

Minerals and vitaminsd 1.5

Chemical composition (g/100 g dry matter)
Dry mattere 50.7
Organic matter 93.0
Crude protein 17.8
Neutral detergent fiber 26.0
Starch 31.5
Water-soluble carbohydrate 2.9
Metabolizable energy (MJ/kg dry matter) 11.8

aSolvent-extracted rapeseed meal of low glucosinolate content.
bBy-product of the manufacture of sugar comprised of dried shredded sugar-
beet pulp, to which molasses has been added.
cRegumaize 44 (SvG Intermol Limited, Bootle, Merseyside, United King-
dom). Declared composition (g/100 g dry matter) crude protein (44.0), water-
soluble carbohydrate (55.0), and metabolizable energy content (11.8 MJ/kg
dry matter).
dProprietary mineral and vitamin supplement (Dairy Direct, Bury St. Ed-
monds, United Kingdom) contained (g/kg) calcium (270), magnesium (60),
sodium (40), phosphorus (40), zinc (5.0), manganese (4.0), copper (1.5);
(mg/kg), iodine (500), cobalt (50), selenium (15); (IU/g) retinyl acetate (500),
cholecalciferol (100), dl-α-tocopheryl acetate (0.5).
eOven dry matter content corrected for volatile losses (16).



Precipitated material was removed and dried under vacuum.
Analysis by GC confirmed the composition of the precipitate as
containing (g/100 g total CLA) primarily trans-10,cis-12 (93.8)
and small amounts of cis-9,trans-11 (4.0).

Part of the trans-10,cis-12 ethyl ester-enriched fraction was
retained, and the remainder was isomerized by heating at 85°C
under a nitrogen atmosphere and strong agitation for 9 h with
2% (by weight) concentrated nitric acid (85%) to yield a mix-
ture of 10,12 conjugated ethyl esters. After numerous washes
with hot water, oil was dried under vacuum and subjected to
repeated low-temperature crystallizations, yielding two frac-
tions containing trans-10,trans-12 or a mixture of isomers en-
riched with cis-10,trans-12. All conjugated ethyl ester fractions
synthesized were converted to nonesterified CLA by reaction
with aqueous potassium hydroxide and methanol. Reaction
mixtures were neutralized with citric acid (18), and the oil ob-
tained was washed with distilled water, dried under vacuum,
and stored under nitrogen until infused.

Lipid extraction and preparation of FAME.  Before extrac-
tion, milk samples were thawed, heated to 40°C, cooled to
20°C, and mixed (IKA-Ultraturrax T50; Janke & Kunkel,
Staufen, Germany) for few seconds. Lipid in 1 mL of milk was
extracted in duplicate using diethylether/hexane (5:4, vol/vol)
according to reference procedures (IDF 1C:1987; IDF
16C:1987; International Dairy Federation, Brussels, Belgium).
Extracts were combined and evaporated to dryness at 60°C
under nitrogen for 1 h. Samples were dissolved in hexane and
methyl acetate and transesterified to FAME using freshly pre-
pared methanolic sodium methoxide (19). The mixture was
neutralized with oxalic acid (1 g oxalic acid in 30 mL diethyl
ether), centrifuged, and dried using calcium chloride (20).
Lipid in samples of infused emulsified CLA treatments was ex-
tracted using the same procedures used for milk. FA in CLA
supplements and infusion samples were converted to FAME
using 1% (vol/vol) sulfuric acid in methanol at 50°C for 30 min
(21), and the amount of CLA isomers provided by each infu-

sion treatment was determined using methyl pentacosanoate
(Sigma, St. Louis, MO) as an internal standard.

GC analysis of FAME. The FAME prepared from CLA sup-
plements, infused treatments, and milk samples were separated
and quantified using a gas chromatograph (Model 6890; Hewlett-
Packard, Wilmington, DE) equipped with an FID, quadrupole
mass selective detector (Model 5973N; Agilent Technologies
Inc.), automatic injector, split injection port, and a 100-m fused-
silica capillary column (i.d., 0.25 mm) coated with a 0.2-µm film
of cyanopropyl polysiloxane (CP-SIL 88; Chrompack 7489, Mid-
delburg, The Netherlands) using hydrogen as the carrier gas oper-
ated at constant pressure (20 psi) and flow rate of 0.5 mL/min. In-
jector and detector temperatures were maintained at 255°C. The
total FAME profile in a 2-µL sample at a split ratio of 1:50 was
determined using a temperature gradient program (22). Peaks
were identified using authentic FAME standards (GLC #463 and
GLC #606; Nu-Chek-Prep, Elysian, MN) and comparison of EI
ionization spectra of each peak with that of known standards and
an online reference library (http://www.lipids.co.uk/infores/
masspec.html; Christie, W.W., personal communication). Indi-
vidual isomers of 18:1, 18:2, and CLA methyl esters were further
resolved in a separate analysis under isothermal conditions at
170°C (22). Under these conditions, it was possible to resolve the
cis-10,trans-12, cis-10,cis-12, and trans-10,cis-12 isomers, but
trans-10,trans-12 CLA could not be separated from trans-
7,trans-9 CLA, trans-8,trans-10 CLA, and trans-9,trans-11 CLA,
which co-elute as a single GC peak (Fig. 1).

Ag+-HPLC analysis of FAME. The distribution of isomers
in CLA supplements was determined using an HPLC system
(Model 1090; Hewlett-Packard), equipped with autosampler,
photodiode array detector, 20-µL injection loop, heated column
compartment, and four silver-impregnated silica columns
(ChromSpher 5 Lipids, 250 × 4.6 mm, 5 µm particle size; Var-
ian Ltd., Walton-on-Thames, United Kingdom) coupled in se-
ries. Methyl esters of CLA were separated under isocratic con-
ditions at 22°C using 0.1% (by vol) of acetonitrile (Rathburn
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FIG.1. Partial gas chromatogram indicating typical separation of methyl esters of CLA pre-
pared from milk from cows receiving postruminal infusions of a mixture of geometric 10,12
CLA isomers (treatment T3) using a 100-m fused-silica capillary column (CP-SIL 88) under
isothermal conditions at 170°C. Peak identification: (1) unresolved cis-9,trans-11 CLA, trans-
7,cis-9 CLA, and trans-8,cis-10 CLA, (2) cis-10,trans-12 CLA, (3) trans-9,cis-11 CLA, (4) 21:0,
(5) trans-10,cis-12 CLA, (6) unresolved cis-9,cis-11 CLA and trans-11,cis-13 CLA, (7) cis-10,cis-
12 CLA, (8) trans-11,trans-13 CLA, and (9) unresolved trans-7,trans-9 CLA, trans-8,trans-10
CLA, trans-9,trans-11 CLA, and trans-10,trans-12 CLA



Chemicals Limited, Walkerburn, United Kingdom) in heptane
at a flow rate of 1 mL/min (total run time 100 min) and moni-
toring column effluent at 233 and 210 (reference wavelength)
nm (22). Even though most isomers were well-resolved, cis-
10,trans-12 and trans-10,cis-12 CLA co-elute under these con-
ditions (Fig. 2). To achieve baseline separation of these iso-
mers, Ag+-HPLC analysis was repeated under isocratic condi-
tions at 22°C using 2.0% (vol/vol) of acetic acid in heptane as
the mobile phase (23) at a flow rate of 1 mL/min (total run time
100 min) and monitoring column effluent at 233 and 210 (ref-
erence wavelength) nm. Typical injection volumes were 10–20
µL, representing <250 µg lipid. Identification of CLA isomers
was performed using commercially available CLA methyl ester
standards (Matreya Incorporated, Pleasant Gap, PA; Sigma),
comparison of the elution order reported in the literature (23),
and cross-referencing the GC analysis of CLA supplements
with reference milk samples for which the distribution of CLA
isomers had previously been determined by Ag+-HPLC
(22,24). Only the isomer profile in CLA supplements was de-
termined by Ag+-HPLC, since most of the isomers of interest

in milk samples, other than cis-9,cis-11 CLA and trans-
10,trans-12 CLA, could be determined by GC analysis.

Calculations and statistical analysis.  Milk FA composition
was expressed as a weight percentage of total FA using response
factors determined by analysis of butter oil of known FA com-
position (CRM 164 milk fat reference standard, Community Bu-
reau of Reference, Brussels, Belgium). Yields of individual FA
were determined using tritridecanoin (Nu-Chek-Prep) as an in-
ternal standard. Concentrations of specific conjugated isomers in
CLA supplements were calculated based on proportionate peak
area responses determined by both Ag+-HPLC methods and total
CLA weight percentage determined by GC. Apparent transfer
efficiencies of infused 10,12 CLA isomers from the abomasum
into milk were calculated as: [(amount of isomer secreted in milk
during CLA infusion − amount of isomer secreted during the
control infusion)/amount of isomer infused]. The apparent trans-
fer of cis-9,trans-11 CLA and total CLA were not determined,
since postruminal infusions of trans-10,cis-12 CLA inhibit the
conversion of trans-11 18:1 and reduce endogenous synthesis of
cis-9,trans-11 (4,13).

Nutrient intake, milk production, and milk FA composition
data measured on the last day of infusion were evaluated by
ANOVA for a 4 × 4 Latin Square design using the mixed proce-
dure of SAS (25). The statistical model included the random ef-
fects of cow and the fixed effects of period and experimental treat-
ment. Treatment effects were considered significant at P < 0.05.

RESULTS

Supplements of nonesterified FA preparations used to supply
trans-10,cis-12 CLA or trans-10,trans-12 CLA were relatively
pure, whereas the mixture of geometric 10,12 isomers also con-
tained several other positional isomers of CLA (Table 2).
Preparation of CLA supplements as emulsions in skim milk
supplied the targeted amounts of total CLA for treatment T2,
but the amounts of trans-10,cis-12 CLA and total 10,12 CLA
isomers infused for treatments T1 and T3, respectively, were
marginally lower than originally intended (Table 3).

Relative to the control treatment, infusions of trans-10,trans-
12 CLA had no effect on dry matter intake or milk production,
whereas treatments T1 and T3 reduced (P < 0.05) milk fat con-
tent and output (Table 4). Infusion of treatments T1 and T3 re-
sulted in a progressive reduction in milk fat content and secretion
(Fig. 3). With the exception of reduced concentrations of lactose
(P < 0.05) for T3 compared with T2, treatments had no effect.

Treatments caused significant increases in the concentration
of specific 10,12 isomers corresponding to those contained in
the infused CLA supplement (Table 5). In addition, CLA sup-
plements also resulted in significant (P < 0.05) reductions in
the cis-9 14:1/14:0, cis-9 16:1/16:0, cis-9 18:1/18:0, and cis-
9,trans-11 CLA/trans-11 18:1 desaturase ratios, with relatively
minor, but often significant, effects on the concentration of
other FA in milk (Table 5). Compared with the control, treat-
ment T2 had no effect on milk FA yield other than increasing
(P < 0.05) the output of trans-10,trans-12 CLA in milk, but
treatments T1 and T3 decreased the secretion of FA in milk
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FIG.2. Partial silver ion-high performance liquid chromatograms indi-
cating the separation of cis-trans and trans-cis 9,11 and 10,12 isomers
of CLA methyl esters prepared from treatment T3 attained using four sil-
ver impregnated silica columns coupled in series and a mobile phase
containing (A) 0.1% (vol/vol) acetonitrile in heptane (22), or (B) 2.0%
(vol/vol) acetic acid (23) under isocratic conditions at 22°C. Peak iden-
tification: (1) trans-10,cis-12 CLA, (2) cis-10,trans-12 CLA, (3) cis-
9,trans-11 CLA, and (4) trans-9,cis-11 CLA



(Table 6). Reductions in the secretion of C4–14, C16, and C18–24
FA accounted for proportionately 0.33, 0.42, and 0.17, and
0.34, 0.40, and 0.22 of the total decrease in milk FA output dur-
ing abomasal infusions of trans-10,cis-12 CLA and the mix-
ture of 10,12 geometric CLA isomers, respectively.

Apparent transfer of infused trans-10,cis-12 and cis-10,trans-
12 at the abomasum was similar, but trans-10,trans-12 and cis-
10,cis-12 were transferred at a higher efficiency (Table 7).

DISCUSSION

Although trans-10,cis-12 is the only CLA isomer shown un-
equivocally to reduce milk fat synthesis in the dairy cow, there
is indirect evidence that other FA produced during ruminal bio-
hydrogenation of dietary PUFA also may elicit antilipogenic
effects that are similar to or even more potent than those of
trans-10,cis-12 CLA. This comes in part from examination of
milk FA composition, which indicates little or no change in
trans-10,cis-12 CLA during diet- induced milk fat depression
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TABLE 2
FA Composition of CLA Supplements

Treatment

FAa (g/100 g) T1 T2 T3

cis-9 18:1 0.89 0.00 2.76
trans-10 18:1 0.17 0.00 0.00
trans-11 18:1 0.19 0.00 0.00
cis-9,cis-11 CLA 0.05 0.02 3.08
cis-9,trans-11 CLA 5.89 0.29 2.80
trans-9,cis-11 CLA 0.00 0.06 2.12
trans-9,trans-11 CLA 1.08 1.30 9.40
cis-10,cis-12 CLA 0.09 0.31 5.13
cis-10,trans-12 CLA 0.00 0.00 23.18
trans-10, cis-12 CLA 90.22 2.09 35.00
trans-10,trans-12 CLA 1.14 95.67 14.93
Other CLA 0.00 0.25 1.23
Total CLA 98.46 100.00 96.87
aFA composition determined in duplicate based on a combination of GC and
Ag+-HPLC analysis of methyl esters. Separation of CLA methyl esters by Ag+-
HPLC analysis was conducted under isocratic conditions at 22°C using both
0.1% (vol/vol) acetonitrile in heptane (22) and 2.0% acetic acid (vol/vol) in
heptane (23) as the mobile phase.

TABLE 4
Intake and Milk Production of Dairy Cows During Abomasal Infusions of CLA Supplements

Treatmenta

Variablec Control T1 T2 T3 SEMb

Intake (kg dry matter/d) 19.7 20.4 19.7 20.4 0.38
Yield
Milk (kg/d) 19.7 21.0 19.9 20.2 1.92
Fat (g/d) 677x 536y 694x 533y 41.5
Protein (g/d) 734 754 712 753 52.5
Lactose (g/d) 866 931 895 870 81.1

Concentration
Fat (g/kg) 36.3x 29.1y 37.2x 28.0y 1.66
Protein (g/kg) 37.9 36.8 36.6 37.9 1.34
Lactose (g/kg) 43.1x,y 43.6x,y 44.6x 42.1y 0.59

aCows received 4-d abomasal infusions (3 kg/d) of skim milk (control), or skim milk containing emulsified supplements of
trans-10,cis-12 CLA (T1), trans-10,trans-12 CLA (T2), or a mixture of geometric isomers of 10,12 CLA (T3). See Table 2 for
the FA composition of CLA supplements.
bError DF, 6.
cValues represent the mean for day 4 of infusion for four cows. Means within row not sharing common roman superscripts
differ significantly (P < 0.05).

TABLE 3
Mean Amounts of CLA Isomers Delivered to the Abomasum During 4-d Infusion Periods

Treatment

Amount infuseda (g/d) T1 T2 T3

cis-9,cis-11 CLA 0.002 ± <0.001 0.001 ± <0.001 0.159 ± 0.006

cis-9,trans-11 CLA 0.270 ± 0.037 0.014 ± 0.001 0.144 ± 0.005

trans-9,cis-11 CLA ND 0.003 ± <0.001 0.109 ± 0.004

trans-9,trans-11 CLA 0.049 ± 0.007 0.063 ± 0.003 0.484 ± 0.018

cis-10,cis-12 CLA 0.004 ± 0.0003 0.015 ± 0.001 0.264 ± 0.010

cis-10,trans-12 CLA ND ND 1.194 ± 0.044

trans-10,cis-12 CLA 4.137 ± 0.564 0.101 ± 0.005 1.802 ± 0.067

trans-10,trans-12 CLA 0.052 ± 0.007 4.615 ± 0.216 0.769 ± 0.029

ΣCLA 4.52 ± 0.62 4.82 ± 0.23 4.99 ± 0.19
aValues represent the amount (mean ± SD) of CLA isomers supplied during 4-d infusions to four cows for each treatment.
ND, isomers not detected.



when marine oils are fed and from the observation that supple-
ments of rumen-protected CLA isomers cause larger decreases
in milk fat secretion than would be expected based on milk fat
trans-10,cis-12 CLA content (8,26). Reductions in milk fat
yield have been reported in response to postruminal infusions
of a mixture of CLA isomers devoid of trans-10,cis-12 CLA
(27), and more recent studies have established that cis-9,trans-
11 (4), trans-8,cis-10, and cis-11,trans-13 CLA (5) are not in-
volved in the regulation of milk fat synthesis in the dairy cow.

The unique antilipogenic effect of trans-10,cis-12 CLA also
has been demonstrated in growing mice (3) and cultured 3T3-
L1 adipocytes (2), indicating a consistency in the response to
trans-10,cis-12 CLA between these experimental models and
the inhibitory effects on milk fat synthesis in the lactating
bovine (4,13). The lactating dairy cow represents a convenient
and robust means for examining potential antilipogenic effects,
since changes in milk fat output can be readily quantified over
a short period of time (4,13,27), occur in a predictable manner,
and are sufficiently sensitive to respond to small amounts of
infused FA with antilipogenic activity (28,29). Furthermore,
administering CLA treatments by postruminal infusions en-
ables the amount of FA supplied by each treatment to be accu-
rately determined, while avoiding possible effects on the mi-
crobial population in the rumen.

It was not possible to produce cis-10,trans-12 CLA in suffi-
cient quantities for the present experiment, and therefore a mix-

ture of CLA isomers had to be used. The cis-10,trans-12-enriched
CLA supplement was composed of three main positional 10,12
isomers that accounted for proportionately 0.755 of total CLA
content, but it also contained positional 9,11 isomers. The occur-
rence of 9,11 isomers can be attributed to the small amounts of
cis-9,trans-11 ethyl esters in the trans-10,cis-12 fraction used to
synthesize other positional 10,12 CLA isomers, which during
isomerization were converted to ethyl esters of trans-9,trans-11
CLA, trans-9,cis-11 CLA, and cis-9,cis-11 CLA.

To account for the contribution of the major 10,12 isomers
other than cis-10,trans-12 to the overall response to the mix-
ture of CLA isomers in treatment T3, the effect of relatively
pure preparations of trans-10,cis-12 CLA and trans-10,trans-
12 CLA on milk fat synthesis also were evaluated. Treatments
T1, T2, and T3 supplied 4.19, 4.73, and 4.03 g of geometric
10,12 CLA isomers/d, respectively. Postruminal infusions of
4.62 g trans-10,trans-12 CLA/d (treatment T2) had no effect
on milk fat synthesis but decreased the ratios of cis-9 14:1/14:0,
cis-9 16:1/16:0, cis-9 18:1/18:0, and cis-9,trans-11 CLA/trans-
11 18:1, which serve as a proxy for ∆-9 stearoyl CoA desat-
urase in the mammary gland (1). Reductions in desaturase ra-
tios in the absence of changes in milk fat yield are consistent
with earlier observations (30) and underline the lack of a direct
involvement of ∆-9 stearoyl CoA desaturase in the inhibition
of mammary lipid metabolism.

Since postruminal trans-10,trans-12 CLA infusion had no
effect on milk fat yield, the contribution of this isomer to the
overall reduction in milk fat yield to treatment T3 can be dis-
counted. Treatments T1 and T3 supplied 4.14 and 3.00 g/d of
the other major 10,12 isomers, trans-10,cis-12 CLA and cis-
10,trans-12 CLA, but resulted in similar decreases in milk fat
secretion compared with the control (20.8 and 21.3%, respec-
tively). The reduction in milk fat yield in response to postrumi-
nal infusions of trans-10,cis-12 CLA from treatment T1 is in
line with a predicted decrease of 24.8% based on the relation-
ship developed using data from several experiments (28). How-
ever, comparable decreases in milk fat output in response to in-
fusions of 4.14 and 1.80 g trans-10,cis-12 CLA/d supplied by
treatments T1 and T3 indicate that other conjugated isomers in
the T3 supplement also inhibit milk fat synthesis.

Treatment T3 supplied small amounts of cis-10,cis-12 CLA
(0.26 g/d). The possible involvement of this isomer in the de-
crease in milk fat synthesis can be examined by comparing the
apparent transfer efficiencies of the major CLA isomers from
the abomasum into milk fat. Apparent transfer of the known
inhibitor trans-10,cis-12 CLA is typically lower than that of
other CLA isomers that are not involved in the regulation of
milk fat synthesis (5,27). These observations point toward a
relatively low apparent transfer efficiency being a characteris-
tic of conjugated FA that exert antilipogenic effects. It is inter-
esting to note that the transfer of trans-10,cis-12 CLA and cis-
10,trans-12 CLA from treatment T3 into milk were virtually
identical, whereas the transfer efficiency for cis-10,cis-12 CLA
was substantially higher, leading to the overall conclusion that
cis-10,cis-12 CLA is unlikely to have been a causal factor un-
derlying the reduction in milk fat yield to treatment T3 in the
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FIG.3. Temporal changes in milk fat content and milk fat yield during
abomasal infusion of mixtures of CLA supplements. Infusions were con-
tinuously infused during a 4-d period. Values represent means from four
animals. SEM for milk fat content and milk fat yield was 1.66 g/kg and
53.8 g/d, respectively. The mean amounts of CLA isomers infused for
each treatment are listed in Table 3. (+) Control, (ll) T1, (s) T2, (nn) T3.
For treatment descriptions see Figure 1.

 



current experiment. However, further studies would be re-
quired to confirm the assertion that cis-10,cis-12 CLA is not a
potent inhibitor of milk fat synthesis in the dairy cow.

In addition to the 10,12 CLA isomers, the T3 supplement

also contained four positional 9,11 isomers that accounted for
proportionately 0.180 of total CLA content, and as such treat-
ment T3 supplied 0.48 g trans-9,trans-11 CLA, 0.16 g cis-
9,cis-11 CLA, 0.14 g cis-9,trans-11 CLA, and 0.11 g trans-
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TABLE 5
Milk FA Composition During Abomasal Infusions of CLA Supplements (g/100 g FA)

Treatmenta

FAc Control T1 T2 T3 SEMb

4:0 2.49x 3.17y 3.00y,z 2.73x,z 0.116
6:0 1.97x 1.85x 2.31y 1.63z 0.066
8:0 1.35x 1.12y 1.59z 1.07y 0.049
10:0 3.47x 2.71y 4.02z 2.88y 0.134
12:0 4.55x 3.54y 5.04z 3.95w 0.110
14:0 12.03x 12.88y 13.05y 13.01y 0.218
cis-9 14:1 1.60x 1.48x,y 1.47x,y 1.33y 0.052
15:0 1.93x 1.24y 1.53z 1.52z 0.049
16:0 33.42x 32.21y 33.73x 32.07y 0.363
cis-9 16:1 2.68x 2.24y 2.34x,y 2.24y 0.111
17:0 0.94x 0.73y 0.82z 0.83z 0.009
18:0 6.30x 9.73y 6.92x 9.45y 0.364
18:1
cis-9 14.67x,y 15.60x 13.14y 14.53x,y 0.470
cis-11 0.69x 0.69x 0.51y 0.71x 0.029
cis-12 0.21x 0.20x 0.19x 0.24y 0.006
cis-13 0.072 0.067 0.061 0.073 0.004
cis-15 0.11x 0.12x,y 0.11x 0.14y 0.005
cis-16 0.053 0.055 0.058 0.061 0.0032
trans-4 0.012x 0.014y 0.010z 0.014y 0.0004
trans-5 0.013 0.015 0.013 0.014 0.0014
trans-6+7+8 0.23x 0.25x 0.19y 0.27x 0.010
trans-9 0.19x 0.17x,y 0.15y 0.19x 0.007
trans-10 0.47x 0.42x,z 0.32y 0.40z 0.018
trans-11 0.95x,y 0.87x,y 0.70x 1.09y 0.078
trans-12 0.29x,y 0.26x 0.24x 0.32y 0.014
trans-13 + 14 0.36x 0.43y 0.30z 0.52w 0.015
trans-15 0.18 0.21 0.16 0.23 0.020
trans-16 + cis-14 0.24x 0.25x,y 0.21x 0.29y 0.013
Σcis 15.80x 16.73x 14.07y 15.75x,y 0.499
Σtrans 2.94x 2.89x 2.31y 3.34x 0.139
Σ18:1 18.74x 19.61x 16.37y 19.08x 0.628

cis-9,cis-12 18:2 2.20x 1.89y 1.90y 2.29x 0.080
Σ18:2d 2.81x 2.39y 2.46y 2.90x 0.091
cis-10,cis-12 CLA 0.000x 0.000x 0.000x 0.023y 0.0008
cis-9,trans-11 CLAe 0.57x 0.40x,y 0.39y 0.44x,y 0.050
cis-10,trans-12 CLA 0.00x 0.00x 0.00x 0.05y 0.003
trans-11,cis-13 + cis-9,cis-11 CLA 0.013 0.011 0.010 0.013 0.0010
trans-9,cis-11 CLA 0.015x 0.009y 0.009y 0.011y 0.0009
trans-10,cis-12 CLA 0.012x 0.181y 0.007x 0.074z 0.0040
trans-11,trans-13 0.037 0.038 0.023 0.037 0.0045
trans,trans CLAf 0.023x 0.036y 0.200z 0.093w 0.0024
ΣCLA 0.67 0.68 0.64 0.74 0.043
18:3n-3 0.35x 0.33x,y 0.30y 0.37x 0.014
20:0 0.12x 0.14y 0.11x 0.15y 0.005
21:0 0.023 0.019 0.024 0.021 0.0033
Ratio
cis-9 14:1/14:0 0.132x 0.114y 0.114y 0.101y 0.0049
cis-9 16:1/16:0 0.080 0.070 0.070 0.070 0.0033
cis-9 18:1/18:0 2.36x 1.61y 1.88z 1.64y 0.066
cis-9, trans-11 CLA/trans-11 18:1 0.627x 0.456y 0.532z 0.449y 0.0134

aCows received 4-d abomasal infusions (3 kg/d) of skim milk (control), or skim milk containing emulsified supplements of
trans-10,cis-12 CLA (T1), trans-10,trans-12 CLA (T2), or a mixture of geometric isomers of 10,12 CLA (T3). See Table 2 for
the FA composition of CLA supplements.
bError DF, 6. Means within row not sharing common roman superscripts differ significantly (P < 0.05).
cValues represent the mean for day 4 of infusion for four cows. FA composition was determined by GC using both a tem-
perature gradient and isothermal conditions for the separation of 18:1, 18:2, and CLA isomers.
dSum of 18:2 excluding isomers of CLA.
eRefers to unresolved trans-7,cis-9 CLA, trans-8,cis-10 CLA, and cis-9,trans-11 CLA.
fRefers to unresolved trans-7,trans-9 CLA, trans-8,trans-10 CLA, trans-9,trans-11 CLA, and trans-10,trans-12 CLA.



9,cis-11 CLA/d. Postruminal infusions of cis-9,trans-11 CLA
(4) or trans-9,trans-11 CLA (31), the predominant 9,11 isomer
in treatment T3, are known to have no effects on milk fat syn-
thesis in the dairy cow. Although there is evidence in the litera-
ture that trans-9,cis-11 CLA concentrations are increased in
milk from cows fed diets causing milk fat depression (10,24)
and may contribute to the reduction in milk fat synthesis when
infused postruminally (31), the amount of this isomer supplied
by the T3 infusion is very small. Furthermore, a lack of in-
crease in the concentration of trans-9,cis-11 CLA in milk,
which is known to be efficiently transferred in response to
postruminal infusions (31), suggests that the amounts of trans-
9,cis-11 CLA available to the mammary gland were extremely
small and therefore unlikely to have had a significant role in
the regulation of milk fat synthesis in the current experiment.
Under the GC conditions used in this study, cis-9,cis-11 CLA
and trans-11,cis-13 CLA are not resolved and elute as a single
peak (22). However, there was no change in the concentration
of these co-eluting isomers in milk fat from cows infused with

treatment T3, suggesting that the concentration of cis-9,cis-11
CLA was not substantially increased. In light of the nonsignifi-
cant changes in milk fat cis-9,cis-11 and trans-11,cis-13 con-
centrations, it is probable that the amounts of cis-9,cis-11 CLA
available to the mammary gland were not sufficiently large to
contribute significantly to the decrease in milk fat yield in re-
sponse to treatment T3.

It is evident that the decreases in milk fat synthesis in response
to treatment T3 are not explained by the amounts of trans-10,cis-
12 CLA supplied by this infusion. Cis-10,trans-12 was the sec-
ond-most abundant CLA isomer in treatment T3, and was trans-
ferred from the abomasum into milk at a similar efficiency as the
known inhibitor trans-10,cis-12 CLA. In view of the amount of
cis-10,trans-12 CLA supplied by treatment T3 (1.19 g/d), com-
parable transfer characteristics to the known inhibitor trans-
10,cis-12 CLA, and the relative amounts of other CLA isomers,
effects of which can largely be accounted for, leads to the overall
conclusion that cis-10,trans-12 CLA contributed to the reduction
in milk fat synthesis in response to treatment T3.
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TABLE 6
Output of FA in Milk During Abomasal Infusions of CLA Supplements (g/d)

Treatmenta

FAc Control T1 T2 T3 SEMb

4:0 12.2x 13.1x 16.4y 11.0x 0.93
6:0 10.4x 8.0x,z 13.1y 6.8z 0.92
8:0 7.4x 5.0x,y 9.3x 4.6y 0.73
10:0 20.0x 12.4y 24.0x 12.9y 2.02
12:0 27.2x 16.5y 30.3x 18.3y 2.31
14:0 73.4x,y 61.2x 80.6y 62.3x 5.11
cis-9 14:1 9.8x 7.1y 8.8x,y 6.7y 0.77
15:0 11.7x 5.7y 9.0x,y 7.5y 1.08
16:0 200x 153y 208x 155y 13.0
cis-9 16:1 15.6x 10.6y 13.8x 10.7y 0.83
17:0 5.8x 3.5y 5.0x,y 4.0y 0.48
18:0 37.0x 45.4y 42.1x,y 42.1x,y 2.35
Σcis 18:1 96.7 80.4 85.5 74.1 6.73
Σtrans 18:1 17.0x 14.1y 14.1y 15.1x,y 0.70
Σ18:1 110.0 92.5 106.1 82.5 10.62
Σ18:2 d 16.8x 11.7 y 15.0x,z 13.5y,z 0.65
cis-10,cis-12 CLA 0.00x 0.00x 0.00x 0.11y 0.009
cis-9,trans-11 CLAe 3.27x 2.02y 2.36y 2.08y 0.149
cis-10,trans-12 CLA 0.00x 0.00x 0.00x 0.20y 0.007
trans-9,cis-11 CLA 0.09x 0.04y 0.06z 0.05y,z 0.003
trans-10,cis-12 CLA 0.06x 0.86y 0.04x 0.33z 0.055
trans,trans CLAf 0.13x 0.16x 1.20y 0.42z 0.068
ΣCLA 3.90x 3.31y 3.85x 3.44x,y 0.135
18:3n-3 2.07x 1.58y 1.86x,z 1.66y,z 0.068 
20:0 0.68 0.66 0.68 0.65 0.040
ΣFA 593x 470y 606x 468y 36.4
Summary
Σ ≤C14 168x 127y 189x 126y 12.4
Σ C16 216x 164y 224x 166y 13.6 
Σ ≥C18 188 167 177 161 10.4
aCows received 4-d abomasal infusions (3 kg/d) of skim milk (control), or skim milk containing emulsified supplements of
trans-10,cis-12 CLA (T1), trans-10,trans-12 CLA (T2), or a mixture geometric isomers of 10,12 CLA (T3). See Table 2 for the
FA composition of CLA supplements.
bError DF, 6. Means within a row not sharing common roman superscripts differ significantly (P < 0.05).
cValues represent the mean for day 4 of infusion for four cows. FA composition was determined by GC using both a tem-
perature gradient and isothermal conditions for the separation of 18:1 and 18:2 isomers.
dSum of 18:2 excluding isomers of CLA.
eRefers to unresolved trans-7,cis-9 CLA, trans-8,cis-10 CLA, and cis-9,trans-11 CLA.
fRefers to unresolved trans-7,trans-9 CLA, trans-8,trans-10 CLA, trans-9,trans-11 CLA, and trans-10,trans-12 CLA.



Park and Pariza (11) reported a dramatic reduction in the fat
content of growing mice fed supplements containing a mixture
of CNA isomers enriched with cis-10,trans-12 19:2 and trans-
11,cis-13 19:2. Data from the present experiment suggest that,
by structural analogy with cis-10,trans-12 CLA, the cis-
10,trans-12 19:2 rather than trans-11,cis-13 19:2 was the iso-
mer of CNA with antilipogenic properties. Furthermore, the ef-
fect of CNA on body fat in growing mice was significantly
greater than a mixture of CLA isomers containing cis-9,trans-
11 CLA and trans-10,cis-12 CLA. Milk fat responses observed
in the current study tend to support an increased potency of
10,12 conjugated FA when the trans-10,cis-12 arrangement of
double bonds is substituted for the cis-10,trans-12 structure.
However, it is important to recognize that the difference in po-
tency between the two 10,12 CLA isomers infused in this ex-
periment was less dramatic in terms of milk fat synthesis com-
pared with the differences in lipid accretion of growing mice
fed a mixture of cis-10,trans-12 CNA and trans-11,cis-13 CNA
relative to trans-10,cis-12 CLA (11).

Evaluation of several CLA cognates on glycerol release and
TAG accumulation in cultured 3T3-L1 adipocytes has pointed
toward a trans-10,cis-12 double bond arrangement in conjunc-
tion with a free carboxyl group on the first carbon atom as being
an integral structural component for antilipogenic effects, with
the implication that either a trans-10 or cis-12 double bond is an
essential feature (2). Data from the present experiment tend to
suggest that the antilipogenic effects of 10,12 geometric isomers
of CLA containing both a cis and trans double bond are more
pronounced when the double bond closest to the carboxyl group.
In support of this, TAG accumulation in fully differentiated 3T3-
L1 adipocytes has recently been shown to be reduced during in-
cubation with cis-10 17:1 or cis-10 19:1, albeit to a lesser extent
than trans-10,cis-12 CLA, whereas trans-10 17:1 and trans-10
19:1 have no effect (2). Overall these findings are consistent with
the position and orientation of the double bond relative to the

carboxyl group of the FA moiety being fundamental to the in-
hibitory effects on lipid accretion in cultured adipocytes or milk
fat synthesis in lactating dairy cows.

Further support for the importance of an uninterrupted car-
bon chain between the trans-10,cis-12 double bond structure
and the carboxyl group is provided by studies that have exam-
ined the effects of calendic acid (trans-8,trans-10,cis-12 18:3)
on body composition of growing mice (32), conjugated 18:3
(cis-6,trans-10,cis-12 18:3) on milk fat synthesis in dairy cows
(33), and methyl-branched CLA (α-methyl trans-10,cis-12
18:2) on fat accumulation in adipocytes and hepatocytes (34).
In all experimental models the addition of the double bond or a
methyl group between the terminal carboxyl group and the
trans-10,cis-12 conjugated bond system abolished or markedly
reduced the inhibitory effects on lipid synthesis associated with
the trans-10,cis-12 carbon–carbon double bond structure.

A complex mixture of CLA isomers was used to examine the
role of cis-10,trans-12 CLA in the regulation of milk fat synthe-
sis in the current study. Even though the data suggest that cis-
10,trans-12 CLA is a potent inhibitor of milk fat synthesis, these
findings need to be confirmed in studies using higher-purity cis-
10,trans-12 CLA preparations. Since the unique inhibitory effects
of trans-10,cis-12 CLA on lipid synthesis have been demon-
strated both in the lactating dairy cow (4,13) and the 3T3-L1
adipocyte cell culture model (2,34), a small amount of cis-
10,trans-12 CLA was purified from the isomer mixture infused
in this study (treatment T3) and used to examine the effects of this
isomer on lipid accumulation of murine 3T3-L1 adipocytes.
Adipocyte cells were cultured with cis-10,trans-12 CLA, trans-
10,cis-12 CLA, cis-9,trans-11 CLA, or a control medium. Both
cis-10,trans-12 CLA and trans-10,cis-12 CLA markedly reduced
lipid accumulation (0.27 and 0.24 mg TAG/mg protein, respec-
tively) compared with the control or cis-9,trans-11 CLA treat-
ments (corresponding values 1.00 and 1.20, respectively) (35).

In conclusion, postruminal infusions of a mixture of 10,12
CLA isomers were found to result in similar decreases in milk
fat output as relatively pure preparations of trans-10,cis-12
CLA. Comparable reductions in milk fat synthesis in response
to 1.80 and 4.14 g trans-10,cis-12/d, supplied by treatments T3
and T1, indicate that other isomers of CLA have the potential
to exert antilipogenic effects. Trans-10,trans-12 CLA had no
effect on mammary lipid metabolism, and the evidence from
this experiment points toward cis-10,trans-12 exerting at least
as potent antilipogenic effects as the known inhibitor trans-
10,cis-12 CLA.

ACKNOWLEDGMENTS
The authors would like to thank the staff of the CEDAR Metabolism
Unit, David Humphries in particular, for diligent care of experimen-
tal animals and sample collection, and Berit Lupoli and Vesa Toivo-
nen, for assistance with FA analysis.

REFERENCES
1. Bauman, D.E., Corl, B.A., and Peterson, D.G. (2003) The Biol-

ogy of Conjugated Linoleic Acid in Ruminants, in Advances in
Conjugated Linoleic Acid Research, (Sébédio, J.-L., Christie,

10,12 GEOMETRIC CLA ISOMERS AND MILK FAT SYNTHESIS 831

Lipids, Vol. 40, no. 8 (2005)

TABLE 7
Apparent Transfer of CLA Isomers  from the Abomasum into Milk Fat
for Different CLA Supplements

Treatmenta

Transfer efficiencyb (%) T1 T2 T3

cis-10,cis-12 CLA — 39.6 ± 11.52
cis-10,trans-12 CLA — 16.7 ± 1.69
trans-10,cis-12 CLA 19.2 ± 4.88 14.9 ± 2.03
trans,trans CLAc — 23.0 ± 5.19d

aCows received 4-d abomasal infusions (3 kg/d) of skim milk (control) or
skim milk containing emulsified supplements of trans-10,cis-12 CLA (T1),
trans-10,trans-12 CLA (T2), or a mixture of 10,12 geometric isomers of CLA
(T3). See Table 2 for the FA composition of CLA supplements.
bValues represent the apparent transfer efficiency (mean ± SD) from the abo-
masum into milk for four cows on day 4 of infusion.
cTransfer of trans-10,trans-12 CLA was unable to be calculated for treatment
T3 owing to the contribution of trans-9,trans-11 in the infused CLA supple-
ment and co-elution of trans-9,trans-11 with trans-10,trans-12 CLA under
the GC conditions used to determine milk FA composition.
dInfused CLA supplement delivered only small amounts of trans-9,trans-11
CLA (Table 3), and therefore the increase in trans-7,trans-9 CLA, trans-
8,trans-10 CLA, trans-9,trans-11 CLA, and trans-10,trans-12 CLA content in
milk determined by GC was assumed to be trans-10,trans-12 CLA.



W.W., and Adlof, R.O., eds.), Vol. 2, pp. 146–173, AOCS Press,
Champaign.

2. Park, Y., Storkson, J.M., Liu, W., Albright, K.J., Cook, M.E., and
Pariza, M.W. (2004) Structure–Activity Relationship of Conju-
gated Linoleic Acid and Its Cognates in Inhibiting Heparin-Re-
leasable Lipoprotein Lipase and Glycerol Release from Fully Dif-
ferentiated 3T3-L1 Adipocytes, J. Nutr. Biochem. 15, 561–569.

3. Park, Y., Albright, K.J., Storkson, J.M., Liu, W., and Pariza, M.W.
(1999) Evidence That the trans-10,cis-12 Isomer of Conjugated
Linoleic Acid Induces Body Composition Changes in Mice,
Lipids 34, 235–241.

4. Baumgard, L.H., Corl, B.A., Dwyer, D.A., Sæbø, A., and Bau-
man, D.E. (2000) Identification of the Conjugated Linoleic Acid
Isomer That Inhibits Milk Fat Synthesis, Am. J. Physiol. 278,
R179–R184.

5. Perfield, J.W., Sæbø, A., and Bauman, D.E. (2004) Use of Conju-
gated Linoleic Acid (CLA) Enrichments to Examine the Effects
of trans-8,cis-10 CLA, and cis-11,trans-13 CLA on Milk Fat Syn-
thesis, J. Dairy Sci. 87, 1196–1202.

6. Griinari, J.M., and Bauman, D.E. (1999) Biosynthesis of Conju-
gated Linoleic Acid and Its Incorporation into Meat and Milk in
Ruminants, in Advances in Conjugated Linoleic Acid Research
(Yurawecz, M.P., Mossoba, M.M., Kramer, J.K.G., Pariza, M.W.,
and Nelson, G.J., eds.), Vol. 1. pp. 180–200, AOCS Press, Cham-
paign.

7. Piperova, L.S., Teter, B.B., Bruckental, I., Sampugna, J., Mills,
S.E., Yurawecz, M.P., Fritsche, J., Ku, K., and Erdman, R.A.
(2000) Mammary Lipogenic Enzyme Activity, Trans Fatty Acids
and Conjugated Linoleic Acids Are Altered in Lactating Dairy
Cows Fed a Milk Fat-Depressing Diet, J. Nutr. 130, 2568–2574.

8. Bauman, D.E., and Griinari, J.M. (2003) Nutritional Regulation
of Milk Fat Synthesis, Annu. Rev. Nutr. 23, 203–227.

9. Offer, N.W., Marsden, M., and Phipps, R.H. (2001) Effect of Oil
Supplementation of a Diet Containing a High Concentration of
Starch on Levels of Trans Fatty Acids and Conjugated Linoleic
Acids in Bovine Milk, Anim. Sci. 73, 533–540.

10. Ärölä, A., Shingfield, K.J., Vanhatalo, A., Toivonen, V., Huhta-
nen, P., and Griinari, J.M. (2002) Biohydrogenation Shift and
Milk fat Depression in Lactating Dairy Cows Fed Increasing Lev-
els of Fish Oil, J. Dairy Sci. 85 (Suppl. 1), 143.

11. Park, Y., and Pariza, M.W. (2001) The Effects of Dietary Conju-
gated Nonadecadienoic Acid on Body Composition in Mice,
Biochim. Biophys. Acta 1533, 171–174.

12. Agricultural and Food Research Council (1993) Energy and Pro-
tein Requirements of Ruminants, An Advisory Manual Prepared
by the AFRC Technical Committee on Responses to Nutrients.
CAB International, Wallingford, United Kingdom.

13. Baumgard, L.H., Sangster, J.K., and Bauman, D.E. (2001) Milk
Fat Synthesis in Dairy Cows Is Progressively Reduced by Increas-
ing Supplemental Amounts of trans-10,cis-12 Conjugated
Linoleic Acid (CLA), J. Nutr. 131, 1764–1769.

14. Statutory Instruments (1982) Number 1144. Agriculture. The
Feeding Stuffs (Sampling and Analysis) Regulations. Her
Majesty’s Stationery Office, London.

15. Statutory Instruments (1985) Number 1119. Agriculture. The
Feeding Stuffs (Sampling and Analysis Amendment) Regula-
tions. Her Majesty’s Stationery Office, London.

16. Porter, M.G., Patterson, D.C., Steen, R.W.J., and Gordon, F.J.
(1984) Determination of Dry Matter and Gross Energy of Grass
Silage, in Proceedings of the Seventh Silage Conference, The
Queen’s University, Belfast.

17. Sæbø, A., Skarie, C., Jerome, D., and Haroldsson, G. (2003) Con-
jugated Linoleic Acid Compositions and Methods of Making
Same, U.S. Patent 6,610,868.

18. Sæbø, A., and Sæbø, P.C. (2004) Conjugated Linoleic Acid Com-
positions, U.S. Patent Application 20040225142 A1.

19. Christie, W.W. (1982) A Simple Procedure for Rapid Trans-

methylation of Glycerolipids and Cholesteryl Esters, J. Lipid Res.
23, 1072–1075.

20. Griinari, J.M., Dwyer, D.A., McGuire, M.A., Bauman, D.E.,
Palmquist, D.L., and Nurmela, K.V.V. (1998) Trans-Octade-
cenoic Acids and Milk Fat Depression in Lactating Dairy Cows,
J. Dairy Sci. 81, 1251–1261.

21. Christie, W.W. (1989) Gas Chromatography and Lipids: A Prac-
tical Guide, p. 68, The Oily Press, Ayr, Scotland.

22. Shingfield, K.J., Ahvenjärvi, S., Toivonen, V., Ärölä, A.,
Nurmela, K.V.V., Huhtanen, P., and Griinari, J.M. (2003) Effect
of Fish Oil on Biohydrogenation of Fatty Acids and Milk Fatty
Acid Content in Cows, Anim. Sci. 77, 165–179.

23. Delmonte, P., Kataoka, A., Corl, B.A., Bauman, D.E., and Yu-
rawecz, M.P. (2005) Relative Retention Order of All Isomers of
cis/trans Conjugated Linoleic Acid FAME from the 6,8- to 13,15-
Positions Using Silver Ion HPLC with Two Elution Systems,
Lipids 40, 509–514.

24. Shingfield, K.J., Reynolds, C.K., Lupoli, B., Toivonen, V., Yu-
rawecz, M.P., Delmonte, P., Griinari, J.M., Grandison, A.S., and
Beever, D.E. (2005) Effect of Forage Type and Proportion of
Concentrate in the Diet on Milk Fatty Acid Composition in Cows
Fed Sunflower Oil and Fish Oil, Anim. Sci. 80, 225–238.

25. SAS (2001) SAS/STAT Users Guide (release 8.0), SAS Institute
Inc., Cary, NC.

26. Bauman, D.E., and Griinari, J.M. (2001) Regulation and Nutri-
tional Manipulation of Milk Fat: Low-Fat Milk Syndrome, Livest.
Prod. Sci. 70, 15–29.

27. Chouinard, P.Y., Corneau, L., Sæbø, A., and Bauman, D.E.
(1999) Milk Yield and Composition During Abomasal Infusion
of Conjugated Linoleic Acids in Dairy Cows, J. Dairy Sci. 82,
2737–2745.

28. Peterson, D.G., Baumgard, L.H., and Bauman, D.E. (2002) Short
Communication: Milk Fat Response to Low Doses of trans-
10,cis-12 Conjugated Linoleic Acid (CLA), J. Dairy Sci. 85,
1764–1766.

29. deVeth, M.J., Griinari, J.M., Pfeiffer, A.M., and Bauman, D.E.
(2004) Effect of CLA on Milk Fat Synthesis in Dairy Cows: Com-
parison of Inhibition by Methyl Esters and Free Fatty Acids, and
Relationships Among Studies, Lipids 39, 365–372.

30. Perfield, J.W., Delmonte, P., Lock, A.L., Yurawecz, M.P., and
Bauman, D.E. (2004) Trans-10,trans-12 Conjugated Linoleic
Acid (CLA) Reduces the ∆9-Desaturase Index Without Affecting
Milk Fat Yield in Lactating Cows, J. Dairy Sci. 87 (Suppl. 1), 128.

31. Perfield, J.W., II, Lock, A.L., Sæbø, A., Griinari, J.M., and Bau-
man, D.E. (2005) Trans-9,cis-11 Conjugated Linoleic Acid
(CLA) Reduces Milk Fat Synthesis in Lactating Dairy Cows, J.
Dairy Sci. 88 (Suppl. 1), 211.

32. Chardigny, J.M., Hasselwander, O., Genty, M., Kraemer, K.,
Ptock, A., and Sébédio, J.L. (2003) Effect of Conjugated FA on
Feed Intake, Body Composition, and Liver FA in Mice, Lipids 38,
895–902.

33. Sæbø, A., Perfield, J.W., Delmonte, P., Yurawecz, M.P.,
Lawrence, P., Brenna, J.T., and Bauman, D.E. (2005) Milk Fat
Synthesis Is Unaffected by Abomasal Infusion of the Conjugated
Diene 18:3 Isomers cis-6,trans-10,cis-12 and cis-6,trans-8,cis-12,
Lipids 40, 89–95.

34. Granlund, L., Larsen, L.N., Nebb, H.I., and Pedersen, J.I. (2005)
Effects of Structural Changes of Fatty Acids on Lipid Accumula-
tion in Adipocytes and Primary Hepatocytes, Biochim. Biophys.
Acta 1687, 23–30.

35. Griinari, J.M., Granlund, L., Pedersen, J.I., Delmonte, P., Shing-
field, K., and Sæbø, A. (2005) Cis-10,trans-12 Conjugated
Linoleic Acid Inhibits Lipid Accumulation During Adipocyte
Differentiation in Proceedings of the International Society of Fat
Research, September 25–28, 2005, Prague, Czech Republic.

[Received April 20, 2005; accepted August 10, 2005]

832 A. SÆBØ ET AL.

Lipids, Vol. 40, no. 8 (2005)



ABSTRACT: The present work characterizes novel FA in the
royal jelly of honeybees (Apis mellifera). TLC analysis showed
that the chloroform/methanol extract obtained from royal jelly
consists mainly of FA. The FABMS spectrum of this extract gave
several ion peaks due to compounds with higher M.W. than
those of the FA so far reported. The methanol extract was found
to contain unknown phospholipids. By means of reversed-phase
HPLC with various solvent systems, 13 compounds were ob-
tained in pure state. Their structures including absolute config-
urations were determined by chemical, NMR, and MS spectral
analysis. Six compounds were identified as novel mono- or di-
esters of 10-hydroxy-2E-decenoic acid in which the hydroxyl
group was esterified by another FA unit, and one was hydroxy-
2E-decenoic acid 10-phosphate. In addition, we demonstrated
that 9-hydroxy-2E-decenoic acid exists as a mixture of optical
isomers.

Paper no. L9758 in Lipids 40, 833–838 (August 2005).

Royal jelly is a thick, milky substance secreted from the hy-
popharyngeal and mandibular glands of young worker honey-
bees. Royal jelly is the sole food of queen bees for all their
lives; it is also a popular traditional health food all over the
world. Many studies of its biological activities as well as chem-
ical composition have been conducted (1–4).

Up to now, various compounds such as proteins, sugars,
lipids, vitamins, minerals, and free amino acids have been iden-
tified as its constituents (5,6). In particular, FA are regarded as
unique and chemically interesting constituents of royal jelly.
Unlike organic acids of most animal and plant materials, the
FA of royal jelly have 8–10 carbon atoms, and they are usually
either hydroxy FA or dicarboxylic acids (7).

Among them, a major FA was characterized as 10-hydroxy-
2E-decenoic acid (10-HDA); it constitutes approximately 70%
of the diethyl ether-soluble fraction (8–11).

This FA is considered to be one of the active ingredients in
royal jelly, and it has been found to have some pharmacologi-
cal activities (12–14).

Recently we found that the chloroform/methanol extract ob-
tained from royal jelly contains several acids with higher M.W.
than those of the FA so far reported. The methanol extract gave,
unlike the dark blue spots of the usual glycerophospholipids, a
pale blue spot with Dittmer–Lester’s reagent (15) on TLC, in-
dicating the presence of new compounds possessing a phos-
phorus atom.

This study was undertaken to analyze these components in
the lipid fraction of royal jelly. By application of a preparative
HPLC technique for the isolation of intact compounds in the
pure state, 12 FA and one phosphate were obtained from the
chloroform/methanol and methanol extracts, respectively.
From chemical and NMR and MS spectral data, it was proven
that six compounds were novel mono- or diesters of 10-HDA
in which the hydroxyl group was esterified by another FA unit,
and one was HDA 10-phosphate. Furthermore, we found that
9-HDA exists in royal jelly as an enantio-mixture (R/S) in a
ratio of ca 2:1.

MATERIALS AND METHODS

Materials. Lyophilized royal jelly powder (from China, lot no.
030411B) was supplied by Yamada Apiculture Center Inc.
(Okayama, Japan). A voucher specimen was deposited in the
Faculty of Pharmaceutical Sciences, Setsunan University.

Instrumentation. Optical rotations were measured at 25°C
with a JASCO DIP-140 polarimeter (JASCO, Tokyo, Japan).
1H and 13C NMR spectra were recorded on a JEOL JMN
GX400 or ECA 600SN spectrometer (JEOL, Tokyo, Japan),
using tetramethylsilane as an internal reference. 31P NMR
spectra were recorded on JEOL ECA 600SN using 85% phos-
phoric acid as an external reference. All samples were mea-
sured at a probe temperature of 35°C. The 2-D heteronuclear
multiple-bond correlation (HMBC) spectrum was recorded at
600 MHz with 64 scans (2,3JCH = 8 Hz). EI-MS and FABMS,
including high-resolution MS, were recorded on a JEOL JMS-
700T spectrometer. (EI-MS: ionization voltage, 30 eV; acceler-
ating voltage, 10 kV; FABMS: accelerating voltage, 5 kV; ma-
trix, glycerin or triethanolamine; collision gas, He). TLC was
carried out on silica-gel precoated Al sheets (Merck, Darm-
stadt, Germany). Spots were visualized with 5% sulfuric acid
in methanol (by heating) or Dittmer–Lester’s reagent. Column
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chromatography was carried out on Diaion HP-20 (Mitsubishi
Chemical Co., Tokyo, Japan), Sephadex LH-20 (Amersham
Pharmacia Biotech AB, Uppsala, Sweden), silica gel (Kiesel-
gel 60; Merck), and Cosmosil 75C18-OPN (Nacalai Tesque,
Inc., Tokyo, Japan). Preparative HPLC was conducted over
Mightysil RP-18 GP (5 µm, 20 × 250 mm; Kanto Chemical Co.
Inc., Tokyo, Japan), and Mightysil RP-18 GP Aqua (5 µm, 10
× 250 mm; Kanto Chemical Co., Inc.) columns with a JASCO
980-PU (JASCO). The elution profile was monitored by a re-
fractive index detector, RI504R (GL Sciences Inc., Tokyo,
Japan).

Isolation of compounds, 1–13. Lyophilized royal jelly pow-
der (1.5 kg) was percolated with 3 L of chloroform, 3 L of chlo-
roform/methanol (2:1, vol/vol), and then 5 L of methanol, suc-
cessively, each for 7 d at room temperature. Each of the extracts
was concentrated in vacuo to give chloroform (121.7 g), chlo-
roform/methanol (45.4 g), and methanol (192.3 g) extracts. The
chloroform/methanol extract (25.0 g) was chromatographed on
a Cosmosil 75C18-OPN column using 80% methanol to give
two fractions, fr. I (20.7 g) and fr. II (4.0 g). Fr. I (1.5 g) was
separated by a Cosmosil 75C18-OPN column using 50%
methanol to give a mixture of FA. It was further separated on a
reversed-phase column (Mightysil RP-18 GP Aqua column)
using 70% acetonitrile to give compounds 1 (56.1 mg), 2 (36.7
mg), 3 (3.2 mg), 4 (25.4 mg), 5 (6.7 mg), and 6 (3.7 mg), to-
gether with a less polar fraction. The latter fraction (110 mg)
was separated by a Mightysil RP-18 GP column using 30%
acetonitrile to give compounds 7 (8.7 mg), 8 (14.7 mg), and 9
(15.4 mg). Fr. II (128 mg) was subjected to preparative HPLC
with a Mightysil RP-18 GP Aqua column using 80% acetoni-
trile to give compounds 10 (22.2 mg), 11 (20.3 mg), and 12 (4.2
mg) (Scheme 1). The methanol extract (1.8 g) was placed on a
Diaion HP-20 ion exchange resin, washed with excess water,

and then eluted with methanol. The methanol layer was con-
centrated in vacuo and chromatographed on silica gel (chloro-
form/methanol/water, 7:3:0.5 by vol). The eluates were moni-
tored by TLC using chloroform/methanol/water (6:4:1, by vol).
Those eluates showing a positive spot on spraying with
Dittmer–Lester’s reagent (15) were combined and concentrated
in vacuo to give compound 13 (53.0 mg) (Scheme 1). 1:
FABMS m/z: 185 [M − H]−. 5: [α]D +6.45° at 0.3 g/100 mL in
methanol. 7: High-resolution FABMS m/z: 327.2171 (calcd.
for C18H31O5: 327.2172) [M − H]−. FABMS m/z: 327 [M − H]−

(100%), 185 (30%), 159 (38%). 8: m.p. 35.5–37.0°C. m/z: 355
[M − H]− (100%), 187 (26%), 185 (21%), 169 (7%). 9: m.p.
55.5–58.0°C. m/z: 369 [M − H]− (100%), 201 (13%), 185
(20%)). 10: m.p. 33.0–35.0°C. [α]D –7.89° at 0.9 g in chloro-
form. m/z: 355 [M − H]− (100%), 187 (38%), 185 (47%). 11:
m.p. 35.0–40.0°C. m/z: 497 [M − H]− (100%), 355 (10%), 329
(10%), 185 (19%), 159 (27%). 12: m.p. 43.0–45.0°C. m/z: 525
[M − H]− (100%), 357 (7%), 355 (7%), 187 (28%), 185 (18%),
169 (10%). 13: Powder, m.p. 260.0–290.0°C (dec.). High-reso-
lution FABMS m/z: 265.0843 (calcd. for C10H18O6P:
265.0841) [M − H]−. m/z: 265 [M − H]− (100%), 185 (8%). 1H
and 13C NMR (600 Mz) spectral data of 1 and 7–13 are shown
in Tables 1 and 2.

Methanolysis of 7–12. Compounds 7 through 12 (ca. 1.0 mg)
were each heated with 3% methanolic hydrogen chloride (0.3
mL) at 90°C for 1 h. The reaction mixture was shaken with 2 mL
of chloroform/water (1:1, vol/vol), and the lower layer was ana-
lyzed by GC on a Hitachi G-3000 SLF (Hitachi, Tokyo, Japan)
using a fused-silica Capillary Column Bonded MPS-50 (OV-17;
0.25 mm × 50 m; column temperature, 230°C; carrier gas, He
33.4 mol; GL Sciences Inc., Tokyo). Retention time (min): 4.6
(methyl 8-hydroxy-octanoate) and 6.0 (methyl 10-hydroxy-2-
decenoate) from 7, 5.4 (methyl 10-hydroxy-decanoate) and 6.0

834 N. NODA ET AL.

Lipids, Vol. 40, no. 8 (2005)

SCHEME 1



(methyl 10-hydroxy-2-decenoate) from 8, 5.6 (dimethyl decane-
dioate) and 6.0 (methyl 10-hydroxy-2-decenoate) from 9, 4.7
(methyl 9-hydroxy-2-decenoate) and 6.0 (methyl 10-hydroxy-2-
decenoate) from 10, 4.6 (methyl 8-hydroxyoctanoate), 5.4
(methyl 10-hydroxydecanoate), and 6.0 (methyl 10-hydroxy-2-
decenoate) from 11, 5.4 (methyl 10-hydroxydecanoate) and 6.0
(methyl 10-hydroxy-2-decenoate) from 12.

Each peak substance was identified as the corresponding

methyl ester by retention time and EI-MS comparison with an
authentic sample.

Preparation of (−)- and (+)-2-methoxy-2-trifluoromethyl-
phenylacetate (MTPA) ester derivatives. Compounds 5, 6, and
10 (2–5 mg) were each treated with diazomethane in diethyl
ether. (–)- and (+)-MTPA chlorides (Tokyo Kasei Kogyo Co.
Ltd., 20.0 mg) were separately added to a solution of the above
product (1–3 mg) in CCl4 (0.2 mL) and pyridine (1.0 mL), and

ESTERS OF 10-OH-2-DECENOIC ACID FROM ROYAL JELLY 835
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TABLE 1
1H NMR Chemical Shiftsa of Compounds 1 and 7–13

1 7 8 9

2-H2 5.79 (dt, 1.6, 15.6) 5.82 (dt, 1.5, 15.6) 5.82 (d, 15.6) 5.82 (d, 15.6)
3-H2 6.95 (dt, 6.8, 15.6) 7.06 (dt, 7.1, 15.6) 7.06 (dt, 7.1, 15.6) 7.07 (dt, 6.9, 15.6)
4-H2 2.22 (dt, 6.8, 6.9) 2.23 (ddt, 1.5, 6.9, 7.1) 2.23 (ddt, 1.5, 7.1, 7.3) 2.23 (dt, 6.9, 7.0)
10-H2 3.54 (t, 6.8) 4.06 (t, 6.8) 4.06 (t, 6.6) 4.06 (t, 6.6)
2′-H2 2.30 (t, 7.2) 2.30 (t, 7.6) 2.29 (t, 7.4)
8′-H2 3.64 (t, 6.8)
9′-H2 2.34 (t, 7.5)
10′-H2 3.64 (t, 6.6)

10 11 12 13

2-H2 5.82 (d, 15.6) 5.82 (dt, 1.2, 16.0) 5.82 (dt, 1.2, 16.0) 5.80 (d, 12.8)
3-H2 7.06 (dt, 7.2, 15.6) 7.06 (dt, 7.0, 16.0) 7.05 (dt, 7.0, 16.0) 6.95 (dt, 7.2, 12.8)
4-H2 2.23 (dt, 6.5, 7.2) 2.23 (ddd, 1.2, 7.2, 8.4) 2.22 (ddd, 1.2, 7.2, 8.4) 2.32 (m)
9-H2 1.62 (m)
10-H2 4.11 (dt, 2.4, 4.4) 4.05 (t, 6.6) 4.05 (t, 6.6) 3.87 (m)
2′-H2 2.29 (t, 7.8) 2.28 (t, 7.8)
2′-Ha 2.41 (dd, 9.0, 16.5)
2′-Hb 2.51 (dd, 3.6, 16.5)
3′-H 4.00 (m)
10′-H2 4.06 (t, 6.6) 4.06 (t, 6.6)
10′-H3 0.88 (t, 7.1)
2”-H2 2.29 (t, 7.8) 2.28 (t, 7.8)
8”-H2 3.64 (t, 6.6)

10”-H2 3.64 (t, 6.6)
aδ in ppm from tetramethylsilane (TMS) (splitting patterns and coupling constants, J, in Hz). 1 and 13 were dissolved in
CD3OD and 7–12 were dissolved in CDCl3.

TABLE 2
13C NMR Chemical Shiftsa of 1 and 7–13

Carbon 1 7 8 9 10 11 12 13

1 169.9 171.2 171.3 171.5 171.5 171.0 170.0 170.1
2 122.3 120.7 120.7 120.4 120.8 120.7 120.4 122.3
3 151.0 152.1 152.0 152.0 152.0 151.9 151.9 151.0
4 33.1 32.2 32.2 32.2 32.2 32.2 32.2 33.1
9 31.8 (d, 8.3)

10 62.9 64.3 64.3 64.2 64.8 64.3 64.2 66.3 (d, 4.9)
1′ 174.0 174.1 179.6 173.2 174.0 173.9
2′ 34.4 34.4 34.4 41.3 34.3 34.3
3′ 68.1
8′ 63.0
9′ 34.0

10′ 63.0 173.7 14.1 64.4 64.4
1” 174.1 174.0
2” 34.3 34.3
8” 62.9

10” 63.0
aδ in ppm from TMS (splitting patterns and coupling constants, J, in Hz). 1 and 13 were dissolved in CD3OD and 7–12
were dissolved in CDCl3. For abbreviation see Table 1.



the mixture was left to stand at room temperature overnight.
After removal of the solvent under a nitrogen stream, the reac-
tion mixture was subjected to silica gel column chromatogra-
phy (n-hexane/ethylacetate, 5:1, vol/vol) to give a MTPA de-
rivative. (–)-MTPA ester of methyl ester of 5: 1H NMR (400
MHz, CDCl3) δ: 1.28–1.70 (12H, m, CH2 × 6), 2.56 (1H, dd, J
= 4.8, 16.0 Hz, Ha-2), 2.64 (1H, dd, J = 8.0, 16.0 Hz, Hb-2),
3.52 (3H, s, OCH3), 3.55 (3H, s, OCH3), 3.59 (3H, s, CO2CH3),
4.30 (2H, m, H2-10), 5.46 (1H, m, H-3), 7.40 (6H, m, Ph), 7.52
(4H, m, Ph). (+)-MTPA ester of methyl ester of 5: 1H NMR
(400 MHz, CDCl3) δ: 1.20–1.68 (12H, m, CH2 × 6), 2.59 (1H,
dd, J = 4.8, 16.0 Hz, Ha-2), 2.69 (1H, dd, J = 8.4, 16.0 Hz, Hb-
2), 3.54 (3H, s, OCH3), 3.55 (3H, s, OCH3), 3.66 (3H, s,
CO2CH3), 4.30 (2H, m, H2-10), 5.46 (1H, m, H-3), 7.40 (6H,
m, Ph), 7.52 (4H, m, Ph). (–)-MTPA ester of methyl ester of
6: 1H NMR (400 MHz, CDCl3) δ: 1.16–1.66 (8H, m, CH2 × 4),
1.26 (0.96H, d, J = 6.4 Hz, H3-10 of S-form), 1.33 (2.04H, d, J
= 6.4 Hz, H3-10 of R-form), 2.15 (2H, m, H2-4), 3.53 (0.94H,
m, OCH3 of S-form), 3.56 (2.04H, m, OCH3 of R-form), 3.73
(3H, s, CO2CH3), 5.13 (1H, m, H-9), 5.80 (0.68H, dt, J = 1.6,
15.6 Hz, H-2 of R-form), 5.82 (0.32H, dt, J = 1.6, 15.6 Hz, H-2
of S-form), 6.94 (1H, m, H-3), 7.38–7.42 (3H, m, Ph),
7.52–7.55 (2H, m, Ph). (+)-MTPA ester of methyl ester of 6:
1H NMR (400 MHz, CDCl3) δ: 1.16–1.66 (8H, m, CH2 × 4),
1.26 (2.04H, d, J = 6.4 Hz, H3-10 of R-form), 1.33 (0.96H, d, J
= 6.4 Hz, H3-10 of S-form), 2.15 (2H, m, H2-4), 3.53 (2.04H,
m, OCH3 of R-form), 3.56 (0.96H, m, OCH3 of S-form), 3.73
(3H, s, CO2CH3), 5.13 (1H, m, H-9), 5.80 (0.32H, dt, J = 1.6,
15.6 Hz, H-2 of S-form), 5.81 (0.68H, dt, J = 1.6, 15.6 Hz, H-2
of R-form), 6.94 (1H, m, H-3), 7.38–7.42 (3H, m, Ph),
7.52–7.55 (2H, m, Ph). (–)-MTPA ester of methyl ester of 10:
1H NMR (400 MHz, CDCl3) δ: 0.88 (3H, J = 7.2 Hz, H3-10′),
1.20–1.68 (22H, m, CH2 × 11), 2.20 (1H, ddt, J = 1.2, 6.5, 6.8
Hz, H2-4), 2.56 (1H, dd, J = 4.8, 16.0 Hz, Ha-2′), 2.65 (1H, dd,
J = 8.4, 16.0 Hz, Hb-2′), 3.53 (3H, s, OCH3), 3.73 (3H, s,
CO2CH3), 3.98 (2H, t, J = 6.8 Hz, H2-10), 5.48 (1H, m, H-3′),
5.81 (1H, dt, J = 1.2, 15.6 Hz, H-2), 6.97 (1H, dt, J = 6.8, 15.6
Hz, H-3), 7.26–7.41 (3H, m, Ph), 7.52–7.54 (2H, m, Ph). (+)-
MTPA ester of methyl ester of 10: 1H NMR (400 MHz,
CDCl3) δ: 0.87 (3H, J = 7.2 Hz, H3-10′), 1.20–1.68 (22H, m,
CH2 × 11), 2.19 (1H, ddt, J = 1.2, 6.5, 6.8 Hz, H2-4), 2.60 (1H,
dd, J = 4.8, 16.0 Hz, Ha-2′), 2.70 (1H, dd, J = 8.4, 16.0 Hz, Hb-
2′), 3.54 (3H, s, OCH3), 3.73 (3H, s, CO2CH3), 4.08 (2H, t, J =
6.4 Hz, H2-10), 5.48 (1H, m, H-3′), 5.82 (1H, dt, J = 1.2, 15.6
Hz, H-2), 6.97 (1H, dt, J = 6.8, 15.6 Hz, H-3), 7.26–7.42 (3H,
m, Ph), 7.52–7.55 (2H, m, Ph). The ratio of R to S of 6 was de-
termined by the intensity of the signals arising from both enan-
tiomers.

RESULTS AND DISCUSSION

Isolation of compounds 1–13. Lyophilized royal jelly powder
was extracted successively with chloroform, chloroform/
methanol, and methanol. TLC analysis showed that the chloro-
form and chloroform/methanol extracts consisted mainly of
FA.

As described in the Materials and Methods section, we ap-
plied a preparative HPLC technique to separate the components
of the chloroform/methanol extract and isolated 12 FA (1–12)
in a pure state (Scheme 1).

On thin-layer plates, the methanol extract gave a pale blue spot
with Dittmer–Lester’s reagent (15). Its color and Rf value differed
from those of common glycerophospholipids, suggesting that the
extract contained unknown phospholipids. Separation with a Di-
aion HP-20 followed by purification by silica gel column chro-
matography yielded considerable amounts of compound 13.

Structures of FA, 1–6. Compounds 1–6 were identified, re-
spectively, as 10-HDA (1); 8-hydroxy-octanoic (2), 10-hy-
droxy-decanoic (3), 9-carboxy-2E-nonenoic (4), and 3,10-di-
hydroxy-decanoic (5) acids; and 9-HDA (6), based on their
NMR and MS spectral data.

The absolute configurations of compounds 5 and 6 were de-
termined by a modified Mosher’s method (16,17).

The methyl ester of 5 was converted into its (−)- and (+)-
MTPA esters. The 1H NMR spectra of the (±)-MTPA esters
showed that the ∆δ values [the chemical shift differences, ∆δ:
δ(−)-MTPA ester − δ(+)-MTPA ester] with regard to the re-
spective Ha-2, Hb-2, and ester methyl proton signals were −
0.03, −0.05, and −0.07 ppm. These observations confirmed the
configuration of C-3 in 5 to be R.

The 1H NMR spectrum of the (−)-MTPA derivative derived
from the methyl ester of 9-HDA (6) exhibited two sets of sig-
nals in the ratio of ca. 2:1. Major signals at δ 1.33 and 5.80
were assigned, respectively, as H3-10 and H-2 of a derivative
having the R configuration, whereas minor signals at δ 1.26 and
5.82 were assigned as those of S. The 1H NMR spectrum of the
(+)-MTPA derivative also gave two sets of signals similar to
those of the (−)-MTPA ester. These findings showed that 9-
HDA was a mixture of optical isomers (R/S) in a ratio of ca 2:1.
Scheme 2 shows their structures.

Structures of monoesters of 10-HDA, 7–10. The molecular
formula, C18H32O5, of 7 was established by high-resolution
FABMS. The 1H NMR spectrum of 7 showed two trans
olefinic (δ 5.82, 7.06), hydroxy methyl (δ 3.64), and allylic (δ
2.23) proton signals that were quite similar to those of 10-
HDA. In addition, together with approximately 20 aliphatic
proton signals, two hydroxy methyl proton signals appeared at
δ 4.06 and 2.30. The 13C NMR spectrum exhibited two olefinic
(δ 120.7, 152.1) and two carbonyl carbon signals (δ 171.2,
174.0) (Tables 1 and 2). These findings indicated that 7 was a
monoester of 10-HDA in which the hydroxyl group was esteri-
fied by another FA unit.

Methanolysis of 7 with 3% methanolic hydrogen chloride
liberated two FAME. They were identified as methyl esters of
10-HDA and 2 by GC and EI-MS analysis. In the HMBC
spectrum of 7, one carboxyl carbon (δ 171.2, C-1) showed
correlation with two olefinic protons (H-2 and H-3), and the
other (δ 174.0) showed cross peaks with three protons (H-10,
H-2′, and H-3′). The preceding information, combined with
the observation of fragment peaks at m/z 159 and 185 in its
FABMS spectrum, showed that the structure of compound 7
was 10-(8′-hydroxyoctanoyloxy)-2E-decenoic acid (Fig. 1).
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The structures of 8, 9, and 10 were elucidated in the same
manner as described for 7. Their chemical and spectral data re-
vealed that they were also monoesters of 10-HDA differing in
the FA residue. The configuration of the chiral center in 10 was
proven to be R.

Structures of diesters of 10-HDA, 11 and 12. The FABMS
spectrum of 11 exhibited a [M − H]− ion peak at m/z 497, and
its mass was approximately three times more than those of
known FA in royal jelly. From its 1H and 13C NMR spectral
data, 11 was considered to be a diester composed of three FA
units involving a 10-HDA residue.

Methanolysis of 11 gave three products, which were identi-
fied as methyl esters of compounds 1, 2, and 3. The HMBC
spectral data together with diagnostically important fragment
ion peaks observed at m/z 159 and 329 in its FABMS revealed
the sequence of the three FA units; therefore, the structure of
11 was characterized as shown in Figure 2.

Compound 12 was identified in the same manner as de-
scribed for 11; it was found to be another diester of 10-HDA
that differed from 11 in the FA residue. The terminal 8-hy-
droxy-octanoyl unit in 11 was replaced by a 10-hydroxy-de-
canoyl group.

Structure of 10-HDA phosphate (13). The molecular for-
mula of 13 was determined to be C10H18O6P by high-reso-
lution FABMS. The presence of one phosphate was further
substantiated by a signal at δ 25.6 ppm in the 31P NMR
spectrum. Its 1H NMR spectrum showed, on comparison
with that of 10-HDA, the signals ascribable to H2-10 shifted
downfield (0.33 ppm). Furthermore, in the 13C NMR spec-
trum, the signals due to C-9 (J = 8.3 Hz) and C-10 (J = 4.9
Hz) appeared as doublets owing to coupling with 31P (18).
Accordingly, the phosphate group was located at the C-10
position, and the structure of 13 was thus characterized as
shown in Scheme 2.
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We isolated seven novel FA esters along with six known FA
from the lipid fraction of royal jelly.

In a study of the activity of 10-HDA on tumor cells, Robin-
son (19) presumed that polyesters were formed from 10-HDA.
Later, Pain and coworkers (20) predicted the existence of di- or
oligoesters of 10-HDA in the lipid fraction of queen larvae.
However, no report on their isolation has so far appeared. We
demonstrated that esters of 10-HDA are present in royal jelly.

We also found that royal jelly contains significant amounts
of HDA 10-phosphate. In addition, it should be noted that,
among the FA having the secondary hydroxyl group isolated in
this study, only 9-HDA exists in royal jelly as a mixture of
enantiomers.
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ABSTRACT: A series of pH-sensitive lipids, 1a–h [(2,3-bis-alkyl-
carbamoyloxy-propyl)-trialkylammonium halide] and 2a–d (1-di-
methylamino-2,3-bis-alkylcarbamoyloxy-propane), with carbam-
ate linkages between the hydrocarbon chains and an ammonium
or tertiary amine head, were synthesized for liposome-mediated
gene delivery. The variable length of the carbon chains and the
quaternary ammonium or neutral tertiary amine heads allowed us
to identify the structure–function relationship showing how these
factors would affect cationic lipids in gene delivery performance.

Paper no. L9790 in Lipids 40, 839–848 (August 2005).

In 1987, Felgner and coworkers (1) first reported the utilization
of an unnatural diether-linked cationic lipid as a synthetic car-
rier to deliver genes to cells. Since then, a number of published
reports have described strategies for synthesizing versatile
cationic lipids for gene delivery (for reviews of cationic lipid
synthesis, see Refs. 2 and 3). These studies cover diverse kinds
of cationic lipids, such as glycerol backbone-based, choles-
terol-based, cationic peptide-based, poly(ethylenimine)-based,
and poly(L-lysine)-based structures (4–18). Cationic lipids,
with their prominent nonimmunogenic character and low cel-
lular toxicity in delivering genes, have engendered consider-
able interest among researchers in the gene therapy community
(19,20). It is generally believed that electrostatic interaction
brings cationic lipids and polyanionic DNA together to form
DNA/liposome complexes. These complexes, once exposed to
cells, are then taken up by the cells and the inserted gene is ex-
pressed. Most of the spacers in the aforementioned synthesized
lipids are ether, ester, or amide bonds, which are either too sta-
ble to be biodegraded and thus cause cytotoxicity (e.g., ether
linkers) or liable to decompose in the circulation system (e.g.,
ester linkers). In contrast with these strategies, in a previous
paper (21) we developed six carbamate-linked lipids (1a, 1d,
1e, 1h, 2a, and 2d) having either quaternary ammonium or neu-
tral tertiary amine heads for the purpose of taking advantage of
the pH sensitivity of the carbamate bond (Scheme 1).

In our previous work, the dodecyl and octadecyl length of
the carbon chain were selected because they represented the
two extremes of short and long; however, a series of cationic
lipids covering the carbon chain lengths C12, C14, C16, and C18
were needed to discuss the gene-delivery properties of these
kinds of lipids. In this paper, we introduce the synthesis of the
aforementioned lipids 1a–h and 2a–d.

Compounds that include a carbamate bond are known to be
stable in neutral circumstances and prone to acid-catalyzed hy-
drolysis. For example, di-tert-butyl dicarbonate [O(boc)2] is
usually used as an excellent amino-protective reagent because
the carbamate formed can remain stable in the foregoing reac-
tion and can be acid-hydrolyzed in acidic conditions (22). As is
well known, the pH value within the cell is 1~2 pH units lower
than that in the circulation system; thus, these carbamate-linked
lipids are expected to remain stable within the circulation sys-
tem but decompose to release DNA after entering the cell be-
cause of the decrease in pH from outside to inside the cell. Our
idea coincides somewhat with those of Boomer and Thompson
(23) and Boomer et al. (24), who adopted a vinyl ether bond as
the linkage in their lipids. Quaternary ammonium heads with
or without an ethyl group were used to determine whether dif-
ferent cationic heads would influence their binding with DNA
phosphates. Iodide ions rather than chloride ions were adopted
here as the counterions to investigate the gene-delivery proper-
ties of these kinds of ions; we expected that they would be un-
likely to have significantly different gene-delivery properties
since the DNA phosphates would exchange with these counte-
rions during the complexation step preceding transfection.

To acquire the aforementioned eight cationic lipids, four in-
termediates were synthesized, 2a–d. Compound 2 was then con-
verted to 1 through quaternization with suitable halogenated hy-
drocarbons. Cationic lipids are known to combine well with the
anionic DNA through electrostatic attraction to form DNA/lipo-
some complexes, yet cationic liposomes may also cause cyto-
toxicity. Here we used the neutral intermediates 2a and 2b as a
kind of lipid vector and found that liposomes could be formed
through the Bangham method (1,25). These lipids are expected
to reduce the cytotoxicity caused by their cationic counterparts.

EXPERIMENTAL PROCEDURES

Reagents and apparatus. 3-Chloro-1,2-propanediol, a 33%
aqueous dimethylamine solution, laurylamine, tetradecylamine,
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hexadecylamine, bis(trichloromethyl)carbonate (BTC), triethyl-
amine, and sodium hydroxide (all analytically pure) were from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Oc-
tadecanamine (analytically pure) was from Acros Organics
(Fairlawn, NJ). All solvents (analytically pure) were from
Sinopharm Chemical Reagent Co. Ltd.

A model HP6890 gas chromatograph–HP5973 mass spec-
trometer, a model HP1100 electrospray ionization mass spec-
trometer, a Micromass LC/Q-TOF high-resolution mass spec-
trometer, and a Varian INOVA 400-MHz nuclear magnetic res-
onance spectrometer were used to analyze the products. A
model JEM-2000EX transmission electron microscope (JEOL,
Tokyo, Japan) was used for transmission electron microscopy
(TEM). A KQ218 ultrasonic instrument (Kunshan Ultrasonic
Instrument Co. Ltd., Kunshan, China) was used to prepare the
liposomes.

Preparation of 1-dimethylamino-2,3-propanediol. Sodium
hydroxide (11 g, 0.275 mol) was dissolved in the 33% aqueous
dimethylamine solution (74.2 mL, 0.537 mol); 3-chloro-1,2-
propanediol (45.4 g, 0.413 mol) was then added dropwise and
the mixture was stirred at 30°C for 24 h. The mixture was then
gradually heated to 105°C, with the unreacted dimethylamine
distilled therefrom being absorbed in water. The water was dis-
tilled from the remaining mixture under reduced pressure. The
residue from the distillation was cooled to 40°C and mixed
with 40 mL of methanol, whereupon sodium chloride precipi-
tated from the mixture. The precipitate was removed by filtra-
tion, and the filter cake was washed with another 20 mL of
methanol. The methanol in the combined filtrate was recovered
by distillation at reduced pressure, and the desired compound
was then recovered. Fractional distillation yielded 1-dimethyl-
amino-2,3-propanediol [29.5 g, 60% yield, b.p. 102–104°C/2
mmHg; Lit. 111°C/15 mmHg (26)]. 1H NMR (Bruker Avance;
400 MHz, CDCl3): δ 4.56 (s, 2H, 2 × OH); 3.78 (m, 1H,
CH2CHCH2N); [3.63 (tetra, J = 3.6, 8.0, 3.6, 1H), 3.48 (tetra, J
= 6.0, 5.6, 5.6, 1H), CH2CHCH2N]; [2.49 (tetra, J = 9.2, 3.2,
9.2, 1H), 2.23 (tetra, J = 4.0, 8.8, 4.0, 1H), CH2CHCH2N]; 2.28
[s, 6H, N(CH3)2]. MS m/z: 42 (10.0%), 58 [100%,
(CH3)2N+=CH2], 72 (1.3%), 88 (19.7%), 102 (0.4%), 119
(5.2%); Lit. m/z: 42 (5.3%), 58 (100%), 88 (13%), 119 (2.9%)
(27).

Preparation of isocyanates. Alkyl amine (30 mmol) in
CH2Cl2 solution (150 mL) was added to a three-necked flask,
and then a saturated aqueous solution of Na2CO3 (60 mL) was
added. After stirring for 5 min, BTC (22 g, 74 mmol) in

CH2Cl2 solution (1 N) was added in batch and the mixture was
stirred vigorously at room temperature for 2 h. The organic
phase was then separated and the aqueous phase was extracted
with CH2Cl2. The combined organic phases were dried (CaCl2)
and concentrated with a rotary evaporator to afford the alkyl
isocyanates, which were used for the next step without further
purification.

Lauryl isocyanate: Yield 63%. 1H NMR (400 M, CDCl3): δ
3.28 (t, J = 6.8, 6.4, 2H, NCH2), 1.60 (m, 2H, NCH2CH2), 1.26
[s, 18H, (CH2)9], 0.88 (t, J = 5.2, 6.8, 3H, CH3). MS m/z: 30
(1.9%), 41 (24.3%), 55 (27.2%), 69 (15.5%), 85 (12.6%), 99
(100%, [C5H9NO]+), 112 (48.5%), 126 (25.2%), 140 (9.7%),
154 (5.8%), 168 (4.9%), 182 (3.9%), 196 (1.0%), 210 (1.9%).
Tetradecyl isocyanate: Yield 61%. 1H NMR (400 M, CDCl3):
δ 3.28 (t, J = 6.4, 6.8, 2H, NCH2), 1.61 (m, 2H, NCH2CH2),
1.26 [s, 22H, (CH2)11], 0.88 (t, J = 6.4, 7.2, 3H, CH3). MS m/z:
39 (3.3%), 55 (26.9%), 84 (13.2%), 99 (100%, [C5H9NO]+),
126 (25.3%), 154 (6.6%), 169 (3.8%), 196 (4.4%), 222 (1.1%),
238 (1.6%). Hexadecyl isocyanate: Yield 60%. 1H NMR (400
M, CDCl3): δ 3.28 (t, J = 6.4, 6.8, 2H, NCH2), 1.61 (m, 2H,
NCH2CH2), 1.26 [s, 26H, (CH2)13], 0.88 (t, J = 6.4, 7.2, 3H,
CH3); MS m/z: 43 (28.4%), 69 (16.2%), 99 (100%,
[C5H9NO]+), 126 (22.5%), 154 (5.4%), 180 (3.4%), 196
(3.9%), 224 (6.4%), 250 (1.0%), 266 (2.0%). Octadecyl isocy-
anate: Yield 58%. 1H NMR (400 M, CDCl3): δ 3.27 (t, J = 6.0,
6.0, 2H, NCH2), 1.60 (t, J = 6.4, 6.8, 2H, NCH2CH2), 1.26 [s,
30H, (CH2)15], 0.88 (t, J = 6.0, 6.4, 3H, CH3). MS m/z: 43
(31.6%), 69 (18.9%), 84 (10.5%), 99 (100%, [C5H9NO]+), 126
(23.7%), 154 (5.3%), 182 (3.9%), 210 (5.2%), 238 (6.1%), 253
(4.8%), 281 (2.6%). Lit. m/z: 43 (100%), 69 (21.0%), 84
(9.0%), 99 (67%), 126 (6.0%), 154 (0.6%) (28).

Preparation of carbamates. 1-Dimethylamino-2,3-propane-
diol (1 g, 8.4 mmol) and alkyl isocyanate (33 mmol) in toluene
solution were added to a three-necked flask. Et3N (0.85 g, 8.4
mmol) was then added as the catalyst and the mixture was
stirred at 60–70°C for 4 h. The reaction mixture was then con-
centrated with a rotary evaporator. The white solid formed was
dissolved in chloroform, applied to a gel column, and eluted
with chloroform/methanol (4:1 vol/vol) to afford the desired
compounds.

Compound 2a: Yield 45%. IR (KBr) νmax: 3324 (νNH), 1717
(νCO), 1697 (νCO), 1265–1254 (νCOC, νCN). 1H NMR (400 M,
CDCl3): δ [5.82, 5.17, 5.07 (OCH, 2 × NH)], [4.29 (d, J = 11.2,
1H), 4.22 (d, J = 11.2, 1H), OCH2], [3.24, 3.13, 2.94, (2 ×
NHCH2, NCH2)], 2.72 [s, 6H, N(CH3)2], 1.48 (m, 4H, 2 ×
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NHCH2CH2), 1.23 [s, 36H, 2 × (CH2)9], 0.86 (t, J = 5.6, 6.8,
6H, 2 × CH3). 13C NMR (400 M, CDCl3): δ 155.98 (C=O),
67.22 (OCH), 63.92 (OCH2), 58.03 (NCH2), 44.23 (NHCH2),
41.44 [N(CH3)2], 32.11–22.88 [(CH2)10], 14.32 (CH3). High-
resolution mass spectrometry (HRMS) m/z: Found [M + H]+

542.4888, C31H63N3O4 calcd. for [M + H]+ 542.4897. Com-
pound 2b: Yield 44%. IR (KBr) νmax: 3318 (νNH), 1691 (νCO),
1275–1258 (νCOC, νCN). 1H NMR (400 M, CDCl3): δ [5.05,
4.82, 4.75 (OCH, 2 × NH)], [4.25 (d, J = 11.0, 1H), 4.14 (m,
1H), OCH2], [3.15, 2.55, 2.44, (2 × NHCH2, NCH2)], 2.29 [s,
6H, N(CH3)2], 1.48 (m, 4H, 2 × NHCH2CH2), 1.26 [s, 44H, 2
× (CH2)11], 0.88 (t, J = 6.4, 7.2, 6H, 2 × CH3). 13C NMR (400
M, CDCl3): δ 156.36, 156.03 (2 × C=O), 70.16 (OCH), 65.02
(OCH2), 59.66 (NCH2), 46.08 (NHCH2), 41.30 [N(CH3)2],
32.10–22.87 [(CH2)12], 14.30 (CH3). HRMS m/z: Found [M +
H]+ 598.5516, C35H71N3O4 calcd. for [M + H]+ 598.5523.
Compound 2c: Yield 43%. IR (KBr) νmax: 3316 (νNH), 1690
(νCO), 1267–1255 (νCOC, νCN). 1H NMR (400 M, CDCl3): δ
[5.05, 4.94, 4.83 (OCH, 2 × NH)], [4.26 (d, J = 12.0, 1H), 4.15
(m, 1H), OCH2], [3.15, 2.63, 2.45, (2 × NHCH2, NCH2)], 2.32
[s, 6H, N(CH3)2], 1.48 (m, 4H, 2 × NHCH2CH2), 1.25 [s, 52H,
2 × (CH2)13], 0.88 (t, J = 6.4, 7.2, 6H, 2 × CH3). 13C NMR (400
M, CDCl3): δ 156.32, 155.98 (2 × C=O), 69.94 (OCH), 64.93
(OCH2), 59.54 (NCH2), 45.92 (NHCH2), 41.29 [N(CH3)2],
32.09–22.86 [(CH2)14], 14.29 (CH3). HRMS m/z: Found [M +
H]+ 654.6156, C39H79N3O4 calcd. for [M + H]+ 654.6149.
Compound 2d: Yield 41%. IR (KBr) νmax: 3320 (νNH), 1691
(νCO), 1271–1257 (νCOC, νCN). 1H NMR (400 M, CDCl3): δ
[5.10, 4.87 (OCH, 2 × NH)], 3.83 (d, J = 9.6, 2H, OCH2), [3.15,
2.84, 2.76 (2 × NHCH2, NCH2)], 2.45 [s, 6H, N(CH3)2], 1.49
(m, 4H, 2 × NHCH2CH2), 1.25 [s, 60H, 2 × (CH2)15], 0.86 (t, J
= 4.6, 6.4, 6H, 2 × CH3). 13C NMR (400 M, CDCl3): δ 155.98
(C=O), 70.73 (OCH), 64.86 (OCH2), 60.74 (NCH2), 45.96
(NHCH2), 41.34 [N(CH3)2], 32.12–22.89 [(CH2)16], 14.33
(CH3). HRMS m/z: found [M + H]+ 710.6770, C43H87N3O4
calcd. for [M + H]+ 710.6775.

Alkylation of carbamates. A suitable halogenated hydrocar-
bon (108 mmol) was condensed in a pressure apparatus con-
taining a suitable carbamate 2 (1.8mmol) with or without a pe-
troleum ether solution. The sealed vessel was stirred behind a
safety shield at 70°C for 48 h. After cooling to 0°C, the reac-
tion vessel was opened and the reaction mixture was filtered to
eliminate the excess halogenated hydrocarbon/petroleum ether
solution. The remaining halogenated hydrocarbons in the filter
cake were allowed to evaporate and were then evaporated
under reduced pressure. The crude residue was recrystallized
from acetonitrile to afford 1.

Compound 1a: Yield 97%. IR (KBr) νmax: 3461 (νNH), 1728
(νCO), 1711 (νCO), 1267–1248 (νCOC, νCN). 1H NMR (400 M,
CDCl3): δ [5.98, 5.47, 5.39 (OCH, 2 × NH)], 4.30–4.17
(OCH2, NCH2), 3.50 [s, 9H, N(CH3)3], 3.15 (d, J = 6.8, 4H, 2
× NHCH2), 1.51 (d, J = 6.4, 4H, 2 × NHCH2CH2), 1.26 [s,
36H, 2 × (CH2)9], 0.88 (t, J = 6.4, 6.4, 6H, 2 × CH3). 13C NMR
(400 M, CDCl3): δ 155.78 (C=O), 66.76 (OCH), [63.27, 61.28
(OCH2, NCH2)], 55.08 [N(CH3)3], [41.58, 41.38 (2 ×
NHCH2)], 32.09–22.86 [(CH2)10], 14.30 (CH3). HRMS m/z:

Found [M − I]+ 556.5062, C32H66IN3O4 calcd. for [M − I]+

556.5053. Compound 1b: Yield 96%. IR (KBr) νmax: 3460
(νNH), 1728 (νCO), 1712 (νCO), 1268–1255 (νCOC, νCN). 1H
NMR (400 M, CDCl3): δ [5.97, 5.48, 5.40 (OCH, 2 × NH)],
4.21, 4.19 (OCH2, NCH2), 3.50 [s, 9H, N(CH3)3], 3.14 (s, 4H,
2 × NHCH2), 1.51 (s, 4H, 2 × NHCH2CH2), 1.26 [s, 44H, 2 ×
(CH2)11], 0.88 (t, J = 6.4, 6.4, 6H, 2 × CH3). 13C NMR (400 M,
CDCl3): δ 155.80, 154.72 (2 × C=O), 66.73 (OCH), [66.57,
63.32 (OCH2, NCH2)], 55.08 [N(CH3)3], [41.55, 41.36 (2 ×
NHCH2)], 32.07–22.84 [(CH2)12], 14.27 (CH3). HRMS m/z:
Found [M − I]+ 612.5682, C36H74IN3O4 calcd. for [M − I]+

612.5679. Compound 1c: Yield 95%. IR (KBr) νmax: 3461
(νNH), 1728 (νCO), 1712 (νCO), 1264–1247 (νCOC, νCN). 1H
NMR (400 M, CDCl3): δ [5.86, 5.46, 5.27 (OCH, 2 × NH)],
4.30, 4.22 (OCH2, NCH2), 3.50 [s, 9H, N(CH3)3], 3.15 (s, 4H,
2 × NHCH2), 1.52 (s, 4H, 2 × NHCH2CH2), 1.26 [s, 52H, 2 ×
(CH2)13], 0.88 (t, J = 6.0, 6.8, 6H, 2 × CH3). 13C NMR (400 M,
CDCl3): δ 155.86, 154.84 (2 × C=O), 67.03 (OCH), [64.80,
61.75 (OCH2, NCH2)], 55.43 [N(CH3)3], 41.71 (NHCH2),
32.12–22.65 [(CH2)14], 14.20 (CH3). HRMS m/z: Found [M −
I]+ 668.6302, C40H82IN3O4 calcd. for [M − I]+ 668.6305. Com-
pound 1d: Yield 93%. IR (KBr) νmax: 3461 (νNH), 1727 (νCO),
1697 (νCO), 1266–1256 (νCOC, νCN). 1H NMR (400 M,
CDCl3): δ [5.86, 5.48, 5.32 (OCH, 2 × NH)], [4.24, 3.79
(OCH2, NCH2)], 3.46 [s, 9H, N(CH3)3], 3.15 (d, J = 4.8, 4H, 2
× NHCH2), 1.51 (d, J = 6.4, 4H, 2 × NHCH2CH2), 1.26 [s,
60H, 2 × (CH2)15], 0.88 (t, J = 6.4, 6.8, 6H, 2 × CH3). 13C NMR
(400 M, CDCl3): δ 155.89, 154.87 (2 × C=O), 66.98 (OCH),
[65.84, 61.38 (OCH2, NCH2)], 55.36 [N(CH3)3], 41.69
(NHCH2), 32.10–22.84 [(CH2)14], 14.19 (CH3). HRMS m/z:
Found [M − I]+ 724.6961, C44H90IN3O4 calcd. for [M − I]+

724.6931. Compound 1e: Yield 95%. IR (KBr) νmax: 3339
(νNH), 1697 (νCO), 1266–1243 (νCOC, νCN). 1H NMR (400 M,
CDCl3): δ [5.90, 5.52, 5.45 (OCH, 2 × NH)], 4.23, 4.14 
(OCH2, NCH2), 3.73 (m, 2H, NCH2CH3), 3.39 (s, 6H,
N(CH3)2), 3.13 [d, J = 4.4, 4H, 2 × NHCH2), 1.58 (m, 4H, 2 ×
NHCH2CH2), 1.46 (m, 3H, NCH2CH3), 1.26 (s, 44H, 2 ×
(CH2)11), 0.88 (t, J = 5.6, 6.4, 6H, 2 × CH3). 13C NMR (400 M,
CDCl3): δ 155.85, 154.84 (C=O), 66.63 (OCH), [64.50, 63.30
(OCH2, NCH2)], 61.62 (NCH2CH3), 51.96, 51.79 [N(CH3)2],
41.60, 40.83 (NHCH2), 32.03–22.77 [(CH2)10], 14.12 (CH3),
9.02 (NCH2CH3). HRMS m/z: Found [M − I]+ 570.5208,
C33H68IN3O4 calcd. for [M − I]+ 570.5210. Compound 1f:
Yield 94%. IR (KBr) νmax: 3337 (νNH), 1696 (νCO), 1267–1243
(νCOC, νCN). 1H NMR (400 M, CDCl3): δ [5.89, 5.48, 5.28
(OCH, 2 × NH)], 4.23, 4.16 (OCH2, NCH2), 3.71 (m, 2H,
NCH2CH3), 3.37 [s, 6H, N(CH3)2], 3.16 (m, 4H, 2 × NHCH2),
1.59 (s, 4H, 2 × NHCH2CH2), 1.46 (m, 3H, NCH2CH3), 1.26
[s, 44H, 2 × (CH2)11], 0.88 (t, J = 6.0, 7.2, 6H, 2 × CH3). 13C
NMR (400 M, CDCl3): δ 154.73 (C=O), 66.45 (OCH), [64.65,
63.40 (OCH2, NCH2)], 61.75 (NCH2CH3), 51.69 [N(CH3)2],
41.43 (NHCH2), 32.11–22.88 [(CH2)12], 14.31 (CH3), 8.92
(NCH2CH3). HRMS m/z: Found [M − I]+ 626.5828,
C37H76IN3O4 calcd. for [M − I]+ 626.5836. Compound 1g:
Yield 93%. IR (KBr) νmax: 3341 (νNH), 1712 (νCO), 1265–1242
(νCOC, νCN). 1H NMR (400 M, CDCl3): δ [5.75, 5.49, 5.32
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(OCH, 2 × NH)], 4.20, 4.10 (OCH2, NCH2), 3.68 (m, 2H,
NCH2CH3), 3.36 [s, 6H, N(CH3)2], 3.18 (m, 4H, 2 × NHCH2),
1.58 (s, 4H, 2 × NHCH2CH2), 1.47 (m, 3H, NCH2CH3), 1.26
[s, 52H, 2 × (CH2)13], 0.88 (t, J = 6.2, 7.2, 6H, 2 × CH3). 13C
NMR (400 M, CDCl3): δ 155.86, 154.85 (C = O), 66.66 (OCH),
[64.69, 63.20 (OCH2, NCH2)], 61.81 (NCH2CH3), 52.13,
51.94 [N(CH3)2], 41.66, 41.52 (NHCH2), 32.08–22.80
[(CH2)14], 14.17 (CH3), 9.12 (NCH2CH3). HRMS m/z: Found
[M − I]+ 682.6454, C41H84IN3O4 calcd. for [M − I]+ 682.6462.
Compound 1h: Yield 91%. IR (KBr) νmax: 3343 (νNH), 1709
(νCO), 1267–1255 (νCOC, νCN). 1H NMR (400 M, CDCl3): δ
[5.88, 5.46, 5.36 (OCH, 2 × NH)], 4.25, 4.15 (OCH2, NCH2),
3.70 (m, 2H, NCH2CH3), 3.37 [s, 6H, N(CH3)2], 1.60 (s, 4H, 2
× NHCH2CH2), 1.48 (m, 3H, NCH2CH3), 1.25 [s, 60H, 2 ×
(CH2)15], 0.88 (t, J = 5.6, 6.8, 6H, 2 × CH3). 13C NMR (400 M,
CDCl3): δ 154.76 (C=O), 66.47 (OCH), [64.48, 63.10 (OCH2,
NCH2)], 61.62 (NCH2CH3), 51.70 [N(CH3)2], 41.44
(NHCH2), 32.12–22.88 [(CH2)16], 14.31 (CH3), 8.92
(NCH2CH3). HRMS m/z: Found [M − I]+ 738.7076,
C45H92IN3O4 calcd. for [M − I]+ 738.7088.

Liposome preparation. A solution of lipid (20 mg) in chlo-
roform/methanol (1 mL) was evaporated to dryness under a
stream of nitrogen, and the residual solvent was removed under
vacuum overnight. Liposomes were prepared by resuspending
the lipids in deionized water (2 mL) at 45°C and sonicating
them to clarity at this temperature for 2 h in a closed vial.

RESULTS AND DISCUSSION

Preparation of 1-dimethylamino-2,3-propanediol. Alquist and
Slagh (29) previously prepared 1-dimethylamino-2,3-propane-
diol with dimethylamine and glycerol monochlorhydrin under
pressure. To prepare 1-dimethylamino-2,3-propanediol in a
small quantity, our process used a normal-atmosphere reactor.
Glycerol monochlorhydrin was titrated into a mixture of di-
methylamine and an aqueous sodium hydroxide solution, and
the mixture was heated to 25°C and maintained for 24 h. But
after purification, the yield was only 30–40% of the theoretical
amount. To obtain a better yield, an L4,3 orthogonal test was

used; the four factors were reaction temperature, reaction time,
ratio of glycerol monochlorhydrin to dimethylamine, and di-
methylamine concentration (30). The results are shown in
Table 1. The boldfaced numbers 1, 2, and 3 represent three dif-
ferent values for each factor, and I, II, and III represent the
sums of yields for 1, 2, and 3, respectively.

As shown in the above data, the reaction time had the great-
est range, at 80.18 [max. (I, II, III)–min. (I, II, III) =
153.61–73.43]; the ranges for reaction temperature, mono-
chlorhydrin/dimethylamine ratio, and dimethylamine concen-
tration were 28.04, 25.78, and 4.09, respectively. This meant
that reaction time had the greatest influence on the reaction
yield. With regard to reaction time, the sum of three yields at
24 h was 153.61, which was the greatest among the yield sums
at the three different reaction times of 18, 24, and 36 h. The 24-
h reaction time was the best of these three reaction times, so
the optimal reaction time was chosen as 24 h. In this way, other
optimal factors such as reaction temperature, monochlorhy-
drin/dimethylamine ratio, and dimethylamine concentration
also could be decided. We finally chose the optimal reaction
conditions of a 33% dimethylamine concentration, a chloro-
propanediol/dimethylamine ratio of 1:1.3, 30°C, and 24 h. A
60% yield was finally attained under these conditions (Scheme
2). 

1-Dimethylamino-2,3-propanediol was characterized cor-
rectly by 1H NMR and MS. The formula weight of 1-dimethyl-
amino-2,3-propanediol was 119, and the highest peak in the
fragments, m/z 58, was obtained as shown in Scheme 3 (31). 
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TABLE 1
L4,3 Orthogonal Test of Reaction Conditionsa

Test no. Temperature (°C) Time (h) Ratio Concentration of NH(CH3)2 (%) Yield (%)

1 1 50 1 24 1 1:1.3 1 33 51.75
2 2 40 1 24 2 1:1.328 2 24.5 50.11
3 3 30 1 24 3 1:1.4 3 30 51.75
4 1 50 2 36 3 1:1.4 2 24.5 20.66
5 2 40 2 36 2 1:1.328 3 30 20.04
6 3 30 2 36 1 1:1.3 1 33 32.73
7 1 50 3 18 2 1:1.328 3 30 37.64
8 2 40 3 18 3 1:1.4 1 33 29.04
9 3 30 3 18 1 1:1.3 2 24.5 42.75
I (yield sum of 1) 110.05 153.61 107.79 113.52 Total = I + II + III = 336.47
II (yield sum of 2) 99.19 73.43 101.45 113.52
III (yield sum of 3) 127.23 109.43 127.23 109.43
R (range of 1, 2, and 3) 28.04 80.18 25.78 4.09
aThe boldfaced numbers 1, 2, and 3 represent three different values for each factor.

SCHEME 2

Reagents and conditions: 1.3 equiv dimethylamine in aqueous solution,
1.5 equiv sodium hydroxide, 24 h, 33°C, 60%..



Preparation of isocyanates. Alkyl isocyanate is commonly
prepared by the phosgene route in industrial production
(Scheme 4).

As is well known, phosgene is an excellent acylation reagent
with high activity, but its strong toxicity limits its application.
In our work, BTC was tentatively substituted for phosgene to
avoid the strong toxicity of the latter (32). BTC, which is much
less toxic than phosgene, can release triple phosgene under nu-
cleophilic catalysis (Scheme 5).

For lauryl isocyanate, for example, for the first time BTC
was substituted for triphosgene and reacted with laurylamine
under the same conditions as phosgene. BTC was 100% in ex-
cess. The amount of pyridine catalyst was 7.1% of the lauryl-
amine mass. A BTC/chlorobenzene solution was titrated into a
mixture of laurylamine and a pyridine/chlorobenzene solution,
and the mixture was heated to 130°C for 3 h. When the reac-
tion mixture was cooled to room temperature, a large amount
of unreacted laurylamine separated out.

A considerable amount of laurylamine in the reaction was
unreacted; one reason may be that the organic base pyridine
caused BTC to release phosgene so fast that the rapidly created
phosgene escaped quickly from the reaction system. To reduce
the release rate of phosgene from BTC under these conditions,
the catalyst was tentatively substituted with an inorganic base,
a saturated aqueous solution of Na2CO3 (33). The saturated
aqueous solution of Na2CO3 was added to an alkyl amine
CH2Cl2 solution; after stirring for 5 min, a solution of BTC (1
N) in CH2Cl2 was added and the mixture was stirred vigorously
at room temperature for 2 h (Scheme 6).

Under these conditions, BTC was catalyzed to slowly release
phosgene. A little 100% pure lauryl isocyanate was obtained by
reduced-pressure distillation and was characterized correctly by
GC–MS and 1H NMR. The highest peak in the alkyl isocyanate
MS fragments, m/z 99, was obtained as shown in Scheme 7
(28,31).

In 1966 Ruth and Philippe (28) researched the mass spectra
of short-chain isocyanates (<C8) and some aromatic isocyanates
as well as one long-chain isocyanate (octadecyl isocyanate); they
also reached the conclusion that the [C5H9NO]+ peak, m/z 99, is
an important ion when the alkyl chain is long enough. However,
the base peak of their octadecyl isocyanate was m/z 43, and our
conclusion did not agree with theirs, perhaps because the ion
source wall of octadecyl isocyanate in their experiment was
74°C.

In the same way, tetradecyl, hexadecyl, and octadecyl iso-
cyanate were also prepared and used for the next step without
further purification.

Preparation of carbamates. For 2a, for example, because
isocyanate could react easily with active hydrogen, 1-dimethyl-
amino-2,3-propanediol and lauryl isocyanate were first reacted
at room temperature. The catalyst triethylamine also played a
role as a solvent because it had no active hydrogen. The prod-
uct was filtered and recrystallized from chloroform after 15 h.
From the IR spectrum of the product, in addition to the vibra-
tions of –C=O at 1583 and 1617 cm−1, an –NH group could be
seen in the molecule at 3300 cm−1, which indicated the isocya-
nate had reacted with the hydroxyl of 1-dimethylamino-2,3-
propanediol. However, the detected M.W. of the acquisition
was 396, which was not the expected substance. The substance
acquired was speculated to be dilauryl urea because in the
strongly polar solvent triethylamine there may inevitably be a
little water. Under the conditions with triethylamine, isocya-
nate will be hydrolyzed into alkylamine; thus, the alkylamine
generated will react with isocyanate to afford urea. The reac-
tion may take place according to Scheme 8.
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SCHEME 3

SCHEME 4

SCHEME 5

Reagents and conditions: 5 equiv bis(trichloromethyl)carbonate (BTC)
in CH2Cl2 solution, saturated NaCO3 aqueous solution, 2 h, room tem-
perature, 60%. R = C12H25, C14H29, C16H33, C18H37.

SCHEME 6



The speculation was confirmed by 1H NMR data for dilau-
ryl urea as follows: (CDCl3): δ 4.36 (s, 2H, 2 × NH), 3.14 (tetra,
J = 6.0, 6.4, 6.4, 4H, 2 × NHCH2), 1.48 (s, 4H, 2 × NHCH2CH2),
1.26 [s, 36H, 2 × (CH2)9], 0.88 (t, J = 5.6, 6.8, 6H, 2 × CH3).

To ensure anhydrous conditions, the solvent was substituted
for anhydrous toluene and the amount of triethylamine was re-
duced to 1 equiv of 1-dimethylamino-2,3-propanediol. The re-
action was undertaken at 60–70°C for 4 h (Scheme 9) (34). The
reaction mixture was then concentrated and recrystallized from
chloroform to afford crude 2a.

In the atmospheric pressure chemical ionization (APCI)-MS
spectrum of crude 2a under these conditions, in addition to the
main [M + H]+ peak at 542.5, we concluded that the M.W. of
the product was 541, which was in accordance with 2a. An-
other peak at 331.3 referred to a substance with a M.W. of 330,
which showed there was a little single-substitution product in
the acquisition (Scheme 10).

To acquire pure 2a, the crude product was applied to a silica
gel column and eluted with chloroform/methanol (4:1, vol/vol).
Compound 2a was thus acquired and characterized by IR, at-
mospheric pressure ionization-electrospray (API-ES) MS, and
NMR. The [M + H]+ peak of the single-substitution product in
the MS spectrum was eliminated this time. IR, MS, and NMR

data showed that the structure of 2a was correct and that the
purity of 2a with this method was satisfactory.

Proceeding in a similar manner, 2b, 2c, and 2d were pre-
pared.

Alkylation of carbamates. The four carbamates were reacted
with methyl iodide in the petroleum ether solution in a pres-
sure reactor (1). After 48 h at 70°C, the reactions were cooled
to room temperature and the pressure reactor was opened.
Crude salts were afforded via filtration and were purified
through recrystallization from an acetonitrile solution (Scheme
11).

Using 1c as an example, the API-ES MS of 1c in the posi-
tive mode was 668, and it was 127 in the negative mode. The
M.W. of 1c, which was an iodide salt, was 795. Subtracting
127, the atomic weight of iodine, from 795 amounted to 668,
which agreed with the data shown in the spectrum.

In 1H NMR, chemical shifts of 5.86 (1H), 5.46 (1H), and
5.27 (1H) referred to protons in OCH and 2 × NH; 4.30 (2H)
and 4.22 (2H) were the proton chemical shifts of OCH2 and
NCH2. To acquire proof of the assignments of the above sig-
nals, 2-D homonuclear correlation spectroscopy, heteronuclear
single quantum correlation, and heteronuclear multiple-bond
correlation analyses were carried out, which confirmed the
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SCHEME 7

SCHEME 8

Reagents and conditions: 4 equiv 4, 1 equiv Et3N in toluene solution, 4 h, 60–70°C, 43%.

SCHEME 9



assignments were correct. However, distinguishing the various
absolute peaks was difficult because the proton chemical shifts
in these two groups were too near to be differentiated or were
even mixed together. The chemical shift 3.50 (9H) represented
protons in N(CH3)3. The chemical shift 3.15 (4H) referred to
protons in CH2 connected to NH, and the chemical shift 1.52
(4H) represented protons in CH2 next to NH. The chemical
shift 0.88 (6H) referred to protons of the end CH3 in the lipid
chains, and 1.26 (52H) referred to protons in the remaining
lipid carbon chains. IR, MS, and NMR data (see the Experi-
mental Procedures section) confirmed that the structure of 1c
was correct.

Proceeding in a similar manner, 1a, 1b, and 1d were pre-
pared.

With regard to reactions between the carbamates and io-
doethane, for 1g, for example, the carbamate was reacted first
under the same conditions as methyl iodide. But after reacting

for 48 h followed by purification, we observed almost half of
the carbamate in the salts by 1H NMR.

Because the reactivity of iodoethane was lower than that of
methyl iodide, some measures had to be taken to increase the re-
action velocity. As is well known, the products in these reactions
were iodide salts whose polarities were strong, whereas the pe-
troleum ether solvent, with a weak polarity in the reaction sys-
tem, may have retarded the formation of salts. Hence, in the sub-
sequent reaction, the petroleum ether solvent was abandoned,
and the carbamates were submerged directly into the iodoethane
liquid. In this manner, after 48 h at 70°C, the reactions were
cooled to room temperature and the pressure reactor was opened.
Crude salts were afforded via filtration and were purified through
recrystallization from the acetonitrile solution (Scheme 12).

The API-ES MS of 1g in the positive mode was 682, and it
was 127 in the negative mode. The M.W. of 1g was 809, which
was an iodide salt. Subtracting 127, the atomic weight of
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SCHEME 10

Reagents and conditions: 60 equiv CH3I, petroleum ether solution, 48 h, 70°C, 95%.

SCHEME 11

Reagents and conditions: 60 equiv CH3CH2I, 48 h, 70°C, 93%.

SCHEME 12



iodine, from 809 amounted to 682, which was in accord with
the data shown in the spectrum. From the 1H NMR data, one
can see that no remaining carbamate was detected in this way.
IR, MS, and NMR data (see the Experimental Procedures sec-
tion) showed that the structure was correct.

Proceeding in a similar manner, 1e, 1f, and 1h were pre-
pared.

Liposome preparation. Commonly, liposomes are prepared
through the Bangham method (25), nonultrasonic stirring (35),
the ultrasonic method (36), the injection method (37), or the
extrusion method (37). For a particular sample, specific factors
must be taken into account.

Dispersant selection. Chloroform is usually used as the sol-
vent in preparing lecithin liposomes, but sometimes if the lipid
molecules contain a radical of strong polarity, which decreases
its solubility in chloroform and leads to poor dispersibility in
the solvent, it is usually necessary to add some methanol. Here,
through solution tests, we found that chloroform alone dis-
solved the lipids well enough, and we finally obtained good dis-
persibility on the flask wall.

Contrasting lipids selection. Lecithin is a natural lipid that
is widely used in controlled-release medicines, and the prepa-
ration of lecithin liposomes is classical. Dioctadecyldimethyl-
ammonium bromide (DODAB) is also a lipid usually applied
in liposome/DNA complex (lipolex) research. Here, the coun-
terpart to DODAB, dioctadecyldimethylammonium chloride
(DODAC), as well as lecithin were selected as contrasting
lipids for liposome research.

Liposome preparation and negative-stained TEM. Cationic
lipids can combined well with anionic DNA through electrosta-
tic attraction to form a DNA/liposome complex, yet cationic
liposomes may also cause cytotoxicity. Here we took the neutral
intermediates 2a–d also as kinds of lipids to see whether they
were able to form liposomes through the Bangham method.

For lecithin, DODAC, 2a, and 1a, for example, liposomes
were prepared by the Bangham method, and ultrasonication
was applied to half of each solution. Both ultrasonicated and
nonultrasonicated samples were observed by TEM.

The hydrating temperatures used to make liposomes should
usually be above the gel-to-liquid phase-transition temperature
of the system (38). Lecithin, DODAC, 2a, and 1a are consid-
ered to have different transition temperatures; thus, it was con-
vincing that the Bangham method gave no liposome structure
if the flask did not warm when the lipid films were mixed with
water. Basu et al. (39) and Hata et al. (40) both concluded that
the phase transition temperature of phospholipids, which were
similar in structure to the lipids discussed here, was around
40°C. In addition, in studies by Uchegbu et al. (41) and
Uchegbu and Florence (42), polymers also had a phase transi-
tion temperature of around 40°C. For the moment, we used
40°C as the phase transition temperatures of the lipids dis-
cussed here, and we hydrated and sonicated them at 45°C to
see whether they could form liposomes. Finally, the liposome
structure was observed by negative-stained TEM, which in re-
verse showed that the phase transition temperatures of all the
lipids discussed here were under 45°C.

Commonly, electron microscopy can be divided into freeze-
fracture scanning electron microscopy and negative-stained
TEM. The latter can clearly indicate the inner structure of the
samples (43), which was what we were concerned with. By this
means, we could identify the layers and diameters of the lipo-
somes. Negative-stained transmission electron micrographs of
the aforementioned liposomes are shown in Figures 1–5.

As one can see from these figures, the unsonicated lecithin li-
posomes had a multilayered structure, the diameter of which was
about 100 nm; this was reduced to 50 nm after sonication. In the
unsonicated DODAC, 2a, and 1a solutions, no liposome struc-
tures were observed. In contrast, single-layered liposomes with a
diameter of about 60 nm appeared in the DODAC solution when
sonication was applied. Compound 2a formed multilayered lipo-
somes, the diameters of which were about 40 nm, whereas 1a
formed 50-nm single-layered liposomes after sonication.

One can see that ultrasonication helped smaller liposomes to
form. Lecithin could form both multilayered and single-layered
liposomes because of the different preparation conditions (Figs.
1, 2). Furthermore, sonication sometimes plays a important role
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FIG. 1. Lecithin liposomes without sonication.

FIG. 2. Sonicated lecithin liposome.

FIG. 3. Sonicated dioctadecyldimethylammonium chloride liposome.



in liposome formation, because the latter three lipids could not
form liposomes without sonication. The neutral lipid 2a easily
formed multilayered liposomes (Fig. 4), whereas the cationic
lipids 1a and DODAC preferentially formed single-layered lipo-
somes (Figs. 3, 5). This may be due to the different structures
among them. Neutral lipids may be more likely to form multi-
layered liposomes compared with their cationic counterparts. As
gene vectors, multilayered liposomes would probably carry more
DNA, whereas single-layered liposomes would probably enter
into cells more easily because of their small size. Factors affect-
ing the formation of multilayered or single-layered liposomes
and the applications of these liposomes as DNA carriers in vitro
and in vivo need to be discussed further. 

A series of carbamate-linked lipids were prepared, and IR,
GC–MS, HRMS, and NMR data were used to confirm their
structures. Negative-stained TEM showed that these lipids
could form single- or multilayered liposomes with a diameter
of around 50 nm through an ordinary method. Application of
these carbamate-linked cationic lipids as DNA carriers to de-
liver genes to cells in vitro and in vivo requires further research.
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ABSTRACT: Tea is a widely consumed beverage throughout the
world. We assessed the antioxidant activity of six teas, including
the aqueous extracts of green tea and oolong tea (Camellia sinen-
sis), tochu (Eucommia ulmoides), Gymnema sylvestre, Japanese
mugwort (Artemisia princeps), and barley (Hordeum vulgare),
against 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals and LDL
oxidation, and examined the association of LDL oxidizability with
the plasma catechin levels in 10 healthy volunteers with a single
dose of 5 g green tea powder. In vitro, the inhibitory effects of
DPPH radicals and LDL oxidation were found to be strongest in
the extract of green tea and weakest in that of barley. After the in-
gestion of green tea powder, the lag time increased from basal
52.2 ± 4.1 to 60.3 ± 4.2 min at 1 h and 59.5 ± 4.1 min at 2 h,
and then returned to the baseline lag time (51.9 ± 1.4 at 4 h and
52.1 ± 4.7 min at 6 h). Regarding the plasma catechin levels, epi-
gallocatechingallate and epicatechingallate significantly in-
creased from basal 3.7 ± 1.3 and 0.8 ± 0.8 ng/mL to 65.7 ± 11.6
and 54.6 ± 12.6 ng/mL at 1 h, and 74.4 ± 18.6 and 49.4 ± 7.1
ng/mL at 2 h, respectively. Green tea therefore showed the
strongest antioxidant activity among the six different teas, and the
inhibitory effects of green tea on LDL oxidation depended on the
plasma catechin levels.

Paper no. L9601 in Lipids 40, 849–853 (August 2005).

Oxidized LDL is considered to be an important factor in the
atherogenic progression of coronary artery disease (CAD) (1).
Oxidized LDL can attract monocytes into the arterial wall
where they can be transformed into macrophages—the precur-
sors of foam cells—thus leading to the formation of early ath-
erosclerotic lesions (2,3). As a result, protecting LDL against
oxidation is assumed to be a useful therapy for the prevention
of atherogenic disease.

Regnstrom et al. (4) suggested that LDL oxidizability was
associated with the severity of coronary atherosclerosis. In
vitro, LDL oxidation occurs in three phases: a lag phase, a
propagation phase, and a decomposition phase. During the lag
phase, endogenous LDL antioxidants are consumed (5). The

consumption of antioxidant foods such as flavonoids and soy-
foods has been reported to be associated with either an elevated
resistance of LDL to oxidation or a reduced CAD mortality
(6,7).

Green tea and oolong tea, which inhibit LDL oxidation in
vitro (8,9), are manufactured from the same plant species,
Camellia sinensis. However, the antioxidant effects of the ex-
tracts from other plants on LDL oxidation have not yet been in-
vestigated. We assessed the antioxidant activity of six teas, con-
sisting of the aqueous extracts of green tea and oolong tea (C.
sinensis), tochu (Eucommia ulmoides), Gymnema sylvestre,
Japanese mugwort (Artemisia princeps), and barley (Hordeum
vulgare L.), against 1,1-diphenyl-2-picrylhydrazyl (DPPH)
radicals; their effects on LDL oxidizability; and the inhibitory
effect of green tea on LDL oxidation in 10 healthy volunteers.

MATERIALS AND METHODS

Tea preparations. Six teas, including aqueous extracts of green
tea and oolong tea (C. sinensis), tochu (E. ulmoides), G. sylvestre,
Japanese mugwort (A. princeps) and barley (H. vulgare), were
prepared by infusing either 6 g (DPPH radicals test) or 1 g
(LDL oxidizability test) of each commercially available tea for
1 min at 80°C in 100 mL of water.

Free radical-scavenging activity. The free radical-scaveng-
ing activity was determined using DPPH (Wako Pure Chemi-
cal Industries, Osaka, Japan). An aliquot of each tea was mixed
with 2 mL of 0.1 mM DPPH in ethanol. Following incubation
for 20 min at 37°C, the absorbance was measured at 516 nm
with a Beckman Model DU 650 spectrophotometer. The vol-
ume of each tea required to cause a 50% decrease in the ab-
sorbance at 516 nm relative to the control was then calculated.

Isolation and preparation of LDL. Blood samples were col-
lected in sodium EDTA-containing tubes from fasting nor-
molipidemic volunteers after obtaining their informed consent.
Plasma samples were immediately prepared by centrifugation
at 2,000 × g for 10 min at 4°C. The LDL was separated by sin-
gle-spin density gradient ultracentrifugation (417,000 × g, 40
min, 4°C) using a TLA-100.4 fixed angle-rotor (Beckman In-
struments, Fullerton, CA) (10). The LDL protein concentration
was determined using a Micro BCA Protein Assay Kit (Pierce
Laboratories, Rockford, IL). Before the start of the oxidation
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experiments, the LDL samples were diluted with PBS to give a
final concentration of 70 µg/mL LDL protein.

Measurement of LDL oxidizability. The LDL oxidizability
was measured according to the method described in our previ-
ous report (11). The prepared LDL samples were oxidized with
or without 5 µL of each tea or 50–400 ng/mL of green tea ex-
tract by 400 µM 2,2′-azobis(4-methoxy-2,4-dimethylvaleroni-
trile) (AMVN-CH3O; Wako Pure Chemical Industries), which
was an oxidative inducer. The kinetics of LDL oxidation were
obtained by monitoring the absorbance of conjugated dienes at
234 nm with a Beckman Model DU 650 spectrophotometer at
4 min intervals at 37°C. The lag time of lipid peroxidation is
defined as the time interval between the initiation and the inter-
cept of the two tangents drawn to the lag and propagation phase
of the absorbance curve at 234 nm, and it was expressed in
minutes. All steps in the experiments investigating LDL oxida-
tion were quickly performed on ice by the same laboratory as-
sistant to minimize the loss of antioxidants in LDL.

Clinical study. Our study subjects were 5 male and 5 female
healthy volunteers, ranging from 20 to 22 yr of age, whose
body mass index was 20 ± 2 (kg/m2); none of them took any
medications, vitamin supplements, or special dietary additives.
This study was approved by our ethics committee. All subjects
gave their informed consent to participate in the study. We
asked all the subjects not to consume any kinds of tea, wine,
citrus fruit juices, or supplements for 3 d before the experimen-
tal day. After over 12 h of fasting, blood samples were collected
between 8:00 and 9:00 A.M. Subjects then ingested 5 g of green
tea powder dissolved in 150 mL of hot water over a period of
10 min. The green tea powder contained 3.20 wt% of epigallo-
catechingallate (EGCg), 0.96 wt% of epicatechingallate (ECg),
0.49 wt% of epicatechin (EC), and 3.81 wt% of caffeine.
Plasma samples were taken at baseline, and 1, 2, 4, and 6 h after
the green tea powder had been consumed;  they were then ei-
ther analyzed immediately or stored at −20°C until analysis. Of
the 10 healthy volunteers, blood samples obtained from the five
males were used for an analysis of the plasma catechin levels,
because the five females did not agree to give blood samples
for the catechin analysis. The analysis of plasma catechin lev-
els was the same as that described in our previous report (12).
Briefly, chloroform with ethyl gallate was added to plasma

samples as an internal standard, and sample fractions contain-
ing catechins were purified by solid-phase extraction using
Bond Elut cartridges (Varian, Harbor City, CA). An analysis of
the catechin levels was performed by HPLC with an electro-
chemical detector.

Statistical analysis. The results are expressed as the mean
values ± SEM. The precision of the DPPH radical test and LDL
oxidizability was tested before the start of this study. In the
DPPH test, the mean ± SD (µL) of 0.9 mg/mL catechin re-
quired to cause a 50% decrease in the absorbance at 516 nm
relative to the control (n = 5) was 7.49 ± 0.66. The CV was
8.8%. In the analysis of LDL oxidizability, the mean ± SD
(min) of plasma samples A (n = 4) and B (n = 5), collected from
subjects A and B, respectively, was 41.8 ± 1.6 and 87.8 ± 1.6,
respectively. The CV for samples A and B was 3.8 and 1.8%,
respectively. The mean ± SD (min) of the lag time for plasma
samples C and D (collected from subjects A and B, respec-
tively, and stored at 4°C until analysis), which was measured
once a day for 3 d, was 51.4 ± 1.4 and 84.5 ± 1.4, respectively.
The CV for samples C and D was 2.8 and 1.6% in an interas-
say, respectively. Any significant differences in the clinical
study were evaluated by a repeated-measures ANOVA and the
post hoc test (Scheffe test), and a P value of <0.05 was consid-
ered to be statistically significant.

RESULTS AND DISCUSSION

Antioxidant activity of various teas and green tea extracts. A
number of studies on the antioxidant effects of green tea and
oolong tea have been reported (8,9,13,14), although the antiox-
idant effects of teas brewed from other plants have not yet been
sufficiently investigated. The present study elucidated the an-
tioxidant activity of various teas regarding DPPH radicals and
LDL oxidation. The results of the DPPH radical scavenging ac-
tivity of various teas are shown in Table 1. Green tea and oo-
long tea required 1.9 and 5.1 µL, respectively, for scavenging
50% of the DPPH radicals. These teas showed a remarkably
higher scavenging activity than the extracts of other plants.
Among the teas tested, barley tea was the weakest scavenger
and required 119.8 µL, which was several dozen times higher
than for green tea and oolong tea.
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TABLE 1 
Antioxidant Activity of Various Teas

LDL oxidizability

Oxidation rate
DPPH test Lag time (nmol conjugated diene/

(µL) (min)a,b min/mg LDL protein)a

Control 21.2 (1.0) 10.3 
Green tea 1.9 201.8 (9.9) 3.7
Oolong tea 5.1 62.3 (2.8) 8.4
Tochu tea 21.2 62.4 (2.8) 8.3
Gymnema sylvestre tea 32.1 40.2 (1.8) 11.1
Japanese mugwort tea 35.6 38.7 (1.8) 11.8
Barley tea 119.8 23.5 (1.1) 12.9
aFive microliters of each tea was added to the LDL solution (70 µg/mL of LDL protein).
bThe prolongation rate of the lag time relative to the control is shown in parentheses.



The inhibitory effects of various teas for LDL oxidation in-
duced by AMVN-CH3O are also shown in Table 1. Compared
with the control, green tea was the most effective for both the
prolongation rate of the lag time (9.9-fold) and the oxidation
rate (3.7 nmol conjugated diene/min/mg LDL protein). The in-
hibitory effects of LDL oxidation were similar for oolong tea
and tochu tea as well as for G. sylvestre tea and Japanese mug-
wort tea. Barley tea had the weakest antioxidant activity for
LDL oxidation among all the teas used in this experiment. The
antioxidant effects of green tea extract components, which are
EC, ECg, and EGCg, on LDL oxidation are shown in Table 2.
Each catechin prolonged the lag time of LDL oxidation in a
dose-dependent manner in vitro.

Green tea showed the strongest antioxidant activity among
the six teas in both experiments. Herbs such as tochu, G.
sylvestre, and Japanese mugwort have been widely used as folk
medicines for several diseases. Tochu has been considered to
have antimutagenicity (15,16), a preventive effect against ox-
idative gastric injury (17), and an antihypertensive action (18).
Tochu tea has an inhibitory effect against LDL oxidation,
which was as strong as that for oolong tea in the present study.
The scavenging activity of tochu tea on reactive oxygen species
correlated with its protocatechuic acid content (19). This sub-
stance was not evaluated in our study, but it might also help
prevent LDL oxidation. G. sylvestre has been used in Indian
traditional medicine and as a health food in tea bags and bever-
ages in Japan. Several reports on its pharmacological action
showed antihyperglycemic (20) and antidiabetic (21) effects,
and these actions might be due to its ability to suppress glucose
absorption from the intestinal tract (22). Japanese mugwort is
associated with anticoagulation (23), the proliferation of en-
dothelial cells (24), and the inhibition of protein fragmentation
damage (25). The antioxidant effects of G. sylvestre and Japan-
ese mugwort were moderately strong among the six teas ana-
lyzed for this paper. Our study is the first report on the antioxi-
dant ability of G. sylvestre and Japanese mugwort. We mea-
sured the polyphenol and EGCg content of green and oolong
teas, which had the strongest antioxidant activity among all the
tested teas. The polyphenol contents of green and oolong tea
were 1.4 ± 0.1 and 0.4 ± 0.03 mg/mL, respectively, whereas the
EGCg contents of green and oolong tea were 317 ± 29 and 57
± 6 µg/mL, respectively. Our previous reports showed a posi-
tive correlation between the polyphenol content and the antiox-

idant activities, which are the DPPH radical scavenging activ-
ity or the prolongation rate of LDL oxidation-lag time, in veg-
etables (26). 

Clinical trial. Ten subjects consumed green tea, which had
the strongest antioxidant activity among the six teas. After in-
gesting 5 g of green tea powder, the lag time increased from a
basal time of 52.2 ± 4.1 to 60.3 ± 4.2 min at 1 h and 59.5 ± 4.1
min at 2 h, and then returned to the baseline lag time (51.9 ±
1.4 min at 4 h and 52.1 ± 4.7 min at 6 h) but these changes did
not reach statistical significance (Fig. 1). Of 10 subjects, 5 sub-
jects had the longest lag time at 1 h after the ingestion; the lag
time of the other 5 subjects showed a peak at 2 h (Table 3).

Regarding the plasma catechin levels after the consumption
of green tea powder, EGCg and ECg significantly increased
from a basal value of 3.7 ± 1.3 and 0.8 ± 0.8 ng/mL to 65.7 ±
11.6 and 54.6 ± 12.6 ng/mL at 1 h, and 74.4 ± 18.6 and 49.4 ±
7.1 ng/mL at 2 h, respectively (Fig. 2). Green tea increased the
lag time of LDL oxidation after 1 and 2 h, which was related to
an increase in the plasma catechin levels. However, we could
not find any significant correlation within each individual per-
son between the plasma catechin levels and the lag time of
LDL oxidation at different times. No significant increase was
seen in the plasma levels of β-carotene, vitamin E, vitamin C,
and uric acid. Regarding the effects of small increases in
flavonoids on LDL oxidation, Nakagawa et al. (27) reported
results similar to ours. Plasma EGCg levels slightly increased
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TABLE 2 
Dose–Response Effect of Green Tea Components on LDL Oxidizabilitya

Amount added EC ECg EGCg

(ng/mL) Lag time (min) µM Lag time (min) µM Lag time (min) µM

0 47.2 ± 1.2 0 36.7 ± 0.9 0 32.1 ± 0.8 0
50 78.9 ± 2.0 0.17 39.5 ± 1.0 0.11 37.9 ± 0.9 0.11
100 102.4 ± 2.6 0.34 46.7 ± 1.2 0.23 42.6 ± 1.1 0.22
200 161.8 ± 4.0 0.68 78.7 ± 2.0 0.45 58.2 ± 1.5 0.44
400 186.6 ± 4.7 1.38 118.7 ± 3.0 0.90 88.1 ± 2.2 0.87
aThe results are expressed as the mean ± SEM (n = 3). The M.W. of epicatechin (EC), epicatechingallate (ECg), and epigal-
locatechin-3-gallate (EGCg) are 290.3, 442.4, and 458.4, respectively.

FIG. 1. The lag time in 2,2′-azobis(4-methoxy-2,4-dimethylvaleroni-
trile)-induced LDL oxidation after the consumption of green tea powder
in 10 healthy volunteers.



to 267 pmol/mL, although the plasma PC hydroperoxide levels
decreased by half after 60 min with a single oral intake of green
tea extract tablet containing 254 mg catechins. In our study, the
plasma EGCg levels increased to 74.4 ng/mL (162 pmol/mL) 2
h after the intake of green tea containing 160 mg catechins. In
an in vitro study, we showed that 50 and 100 ng/mL of EGCg
prolonged the lag time by 5.8 and 10.5 min, respectively, and
50 ng/mL of ECg prolonged the lag time by 2.8 min (Table 2).
The catechin level found in plasma clearly prolonged the LDL
oxidation lag time in vitro. It is important to elucidate the fact
that catechins are responsible for the increase in the measured
lag times. However, we did not measure the catechins in the
LDL fraction. An additional experiment is thus called for to
clarify the correlation between catechins and LDL fractions.
Green tea is well known to be a strong antioxidant beverage
(8), due to its catechin content (28). Unno et al. (12) showed
that the serum catechin level reaches its highest level at approx-
imately 2 h after the ingestion of green tea. Our results for the
peak catechin level were thus compatible with theirs. The phys-
iological function of green tea has been studied in animals and
in humans (13,14), although few studies determined the plasma
catechin level. The plasma or serum catechin level as well as
the serum antioxidants such as vitamin E and vitamin C should
be analyzed in a future study of green tea intake. Such a study

will allow us to estimate more exactly the physiological and
pharmacological action of the green tea component. Regarding
the limitations of this study, it was not a placebo-controlled
study. To clarify the effects of green tea on LDL oxidation, a
further study should be done using a placebo-controlled study
in a larger population.

The findings of previous studies confirmed that the French
paradox, which is a high intake of dietary fat but low mortality
from CAD, may be attributable in part to high wine consump-
tion (29–31). The smoking rate of Japanese males (52.8%) is
very high in comparison with that of other industrialized coun-
tries such as the United Kingdom (27%) and the United States
of America (25.7%) (32), although the mortality rate from
CAD is much lower in Japan than in the United States and the
United Kingdom (33). We therefore hypothesize that the daily
consumption of green tea by Japanese might be an important
clue to help elucidate the reason for the “Japanese paradox” re-
garding CAD.
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ABSTRACT: A rapid method was developed for classifying
and quantifying the FA composition of edible oils and fats using
Fourier Transform near infrared spectroscopy (FT-NIR). The FT-
NIR spectra showed unique fingerprints for saturated FA, cis and
trans monounsaturated FA, and all n-6 and n-3 PUFA within
TAG to permit qualitative and quantitative comparisons of fats
and oils. The quantitative models were based on incorporating
accurate GC data of the different fats and oils and FT-NIR spec-
tral information into the calibration model using chemometric
analysis. FT-NIR classification models were developed based
on chemometric analyses of 55 fats, oils, and fat/oil mixtures
that were used in the identification of similar materials. This
database was used to prepare three calibration models—one
suitable for the analysis of common fats and oils with low levels
of trans FA, and the other two for fats and oils with intermediate
and high levels of trans FA. The FT-NIR method showed great
potential to provide the complete FA composition of unknown
fats and oils in minutes. Compared with the official GC method,
the FT-NIR method analyzed fats and oils directly in their neat
form and required no derivatization of the fats to volatile FAME,
followed by time-consuming GC separations and analyses. The
FT-NIR method also compared well with the official FTIR
method using an attenuated total reflectance (ATR) cell; the lat-
ter provided only quantification of specific functional groups,
such as the total trans FA content, whereas FT-NIR provided the
complete FA profile. The FT-NIR method has the potential to be
used for rapid screening and/or monitoring of fat products, trans
FA determinations for regulatory labeling purposes, and detec-
tion of contaminants. The quantitative FT-NIR results for vari-
ous edible oils and fats and their mixtures are presented based
on the FT-NIR models developed.

Paper no. L9743 in Lipids 40, 855–867 (August 2005).

The intake of trans FA is known to be associated with higher
risk factors for cardiovascular disease (1–3) and biomarkers of
inflammation (4). The main sources of trans FA are industri-
ally produced partially hydrogenated vegetable oils (PHVO) as
well as milk and meat fats from ruminants. Minor amounts of

trans FA are thermally produced during commercial refining
of vegetable oils (specifically deodorization) or domestic fry-
ing (5,6). Trace amounts of trans FA are found naturally in
plant lipids (7). The trans FA isomers present in PHVO, heated
vegetable oils, and ruminant fats consist mainly of mono-trans
monoenoic, dienoic, and trienoic FA. Di- trans isomers of these
FA are present in trace amounts. Industrial and ruminant fats
generally contain the same trans FA isomers but differ mainly
in their amounts and relative proportions (8–12). Differences
in the trans FA isomer distribution among industrially pro-
duced fats depend on the catalyst and conditions used, whereas
differences in ruminant fats depend on which supplements, if
any, are fed and the amount of supplements fed, as well as on
feeding practices. Since the trans FA isomers responsible for
the negative effects have not been identified, it is difficult to
assess whether the trans FA from PHVO and ruminant fats pre-
sent similar risk factors (13,14). Therefore, it is becoming in-
creasing important to analyze fat products using methods that
provide the composition of all the different trans FA isomers.

In an effort to reduce the total trans FA content of food prod-
ucts, the governments of Canada (15,16), the United Sates
(11,17), Argentina, Brazil, Paraguay, and Uruguay (18) have in-
troduced, or are in the process of introducing, mandatory label-
ing of total isolated trans FA in commercially prepared food
products; conjugated linoleic acids (CLA) are excluded from the
total trans content. On the other hand, the government  of Den-
mark has restricted  the sale of all industrially produced fats and
oils with more than 2% total trans FA, but has placed no restric-
tion on the trans FA content from ruminant fats (19). For a more
comprehensive review of trans regulations see Ratnayake and
Zehaluk (16). The exclusion of CLA from mandatory labeling
appears to be based on the evidence that CLA protects against
cancer (20,21). However, by not specifying the CLA isomer,
CLA isomers other than 9cis,11trans-CLA could be included,
with undesirable health effects (22). In addition, 11trans-18:1
was not excluded from mandatory trans FA labeling even though
it is the metabolic precursor to 9cis,11trans-CLA (23). Future
regulation of trans FA may exclude both 9cis,11trans-CLA and
11trans-18:1 from mandatory labeling, as well as any other ben-
eficial trans FA isomer. The availability of accurate and rapid
methods to quantify the different CLA and trans FA isomers will
be most helpful for implementing such new regulations.

At the present time, official methods are available for deter-
mining the total trans FA content based on chromatographic
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and spectroscopic techniques (24–26). The official GC meth-
ods involve acid or base digestion of the test portion, extrac-
tion of the lipids with organic solvents, addition of an internal
standard, acid- or base-catalyzed methylation to prepare FAME
for GC analysis, and GC separation using 100-m highly polar
fused-silica capillary columns [AOAC 994.15 (27); AOCS Ce
1f-96 (28)]. Despite the use of the highly efficient GC columns,
there are still extensive overlaps of many cis and trans FA iso-
mers, which require prior separation of the geometric FAME
isomers by silver-ion TLC and GC analyses at low isothermal
temperature  conditions for their complete and unequivocal
analysis (10,29,30).

The official IR methods for the quantification of trans FA
involve FTIR spectroscopy in conjunction with an attenuated
total reflectance (ATR) cell (24,31), i.e., method Cd 14d-99
from the AOCS (32) and method 2000.10 from the AOAC
(33). The FTIR instruments have many advantages over the
dispersive-based IR instruments outlined by Mossoba et al.
(24) and more recently by Setiowaty and Che Man (34). The
advantages include a better signal-to-noise ratio and better
wavelength precision provided by an internal reference laser.
Compared with the GC methods, the ATR-FTIR methods for
oils and fats are rapid and require no prior derivatization or or-
ganic solvents, but the information is limited to measuring the
total trans FA content greater than 5%, and no information is
available on individual trans FA or other FA in the test portion.
Furthermore, ATR-FTIR is not applicable if the test sample
contains substances with absorption frequencies near that of
the C–H deformation of isolated trans at 966 cm−1. Conjugated
FA with absorption frequencies near 986 and 950 cm−1 as well
as FFA near 935 cm−1 pose a unique challenge for the analysis
of total trans by ATR-FTIR (24,35). By contrast, GC easily re-
solves most of these trans-containing FA. Christy et al. (36) re-
cently attempted to quantify isolated trans FA in the presence
of CLA using the ATR-FTIR method by preparing calibration
models for each of these two FA and using chemometrics. De-
spite obtaining rather reasonable results, the authors concluded
that the resolution of trans FA and CLA might be too difficult
using this approach. Milosevic et al. (37) reported better reso-
lution of the closely associated IR absorption bands of trans
FA by evaluating the second derivative of ATR-FTIR spectra.

There is an urgent need to develop a more versatile method
that combines the speed of the ATR-FTIR method with the
greater information available from the GC technique. It is not
surprising that, to date, the GC method remains the method of
choice despite its rather lengthy procedure.

The Fourier transform near infrared spectroscopy (FT-NIR)
technique has many of the same advantages as ATR-FTIR, being
rapid, nondestructive, performed directly on the fat or oil (neat),
and requiring no chemical preparations. In addition, FT-NIR has
the same advantages as FTIR over their respective dispersive-
based spectrometries (24,34). Although it is not an official
method of trans FA determination, FT-NIR has been evaluated
for determination of the total cis and trans contents, iodine val-
ues, and saponification numbers of several fats and oils (38,39).
Chemometric analysis was used because the FT-NIR absorption

spectra consist of broad and overlapping overtones of fundamen-
tal FTIR bands that cannot be resolved by means of traditional
univariate analysis techniques. Chemometric techniques, such as
partial least squares (PLS), have been applied to the NIR and FT-
NIR spectra of products from the food, agricultural, pharmaceu-
tical, medical, and plastics industries for quality control and as-
surance measurements (40). Two recent papers (41,42) have
shown the application of NIR dispersive instruments in predict-
ing the FA composition of olive oil and goose fatty liver with
limited success. FT-NIR also has been used to measure oxida-
tive changes in different food products (43). However, to our
knowledge, the FT-NIR method has not been applied for deter-
mination of the FA composition of an oil or fat, including trans
FA and CLA. Such an approach had not been attempted because
of the assumption that the FT-NIR spectral information of FA
present at low concentrations in a fat or oil is below the detec-
tion limit of that technique.

In the present communication we describe the development
of FT-NIR models based on incorporating the FA composition
of selected fats and oils obtained by GC and analyzing the data
using chemometrics. The results are presented to show that the
complete FA composition of a product can then be determined
based on its FT-NIR spectrum and by applying appropriate FT-
NIR models that were derived from accurate GC data obtained
using 100-m highly polar fused-silica capillary columns. This
new FT-NIR method would appear to be applicable for the
rapid determination of individual trans FA and CLA isomers
for regulatory purposes, for ensuring the quality of fats and oils
during production, and for simultaneously providing the com-
plete FA profile of fat and oil products. A patent application for
this method was recently submitted (44).

MATERIALS AND METHODS

Several commercial vegetable oils (three canola oils, corn oil,
two flax oils, olive oil, three soybean oils, five sunflower oils,
and two walnut oils), seven margarines, two shortenings, lard,
and two types of partially hydrogenated oil fractions (five from
canola oil, and five from soybean oil) were used in the develop-
ment of the reference model. Eighteen mixtures were gravimet-
rically prepared by combining specific fats and oils in different
ratios. Triolein (glycerol tri9cis-octadecenoate), trielaidin (gly-
cerol tri9trans-octadecenoate), trilinolein (glycerol tri9cis12cis-
octadecadienoate), and trilinolenin (glycerol tri9cis12cis15cis-
octadecatrienoate) were purchased from Nu-Chek-Prep Inc.
(Elysian, MN). All chemicals and solvents were of analytical
grade.

GC analysis. All fat and oil products and their mixtures
(about 20 mg each) were methylated separately using anhydrous
5% HCl/methanol (w/w) for 1 h at 80°C, and a 0.5% solution of
NaOCH3 in methanol (#33080; Supelco Inc., Bellefonte, PA) for
15 min at 50°C. In each case, the resultant FAME were extracted
with hexane after addition of water (5% by vol). Hexane was re-
moved and the FAME were purified by TLC on silica gel G
plates (Fisher Scientific, Ottawa, Ontario, Canada) using the de-
veloping solvent hexane/diethyl ether/acetic acid (85:15:1). The
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FAME band on TLC was identified after spraying the plates with
2′7′-dichlorofluorescein in methanol, and the band was visualized
under UV light. The FAME band on TLC was scraped off, trans-
ferred into a Pasteur pipette (5.75 in.) containing a previously
cleaned glass wool plug (using chloroform/methanol, 1:1), and
the FAME were eluted with hexane. For GC analysis, appropriate
concentrations of FAME (1–2 µg/µL) in hexane were prepared.

All the FAME preparations were analyzed by GC (Model
5890 Series II; Hewlett-Packard, Palo Alto, CA) equipped with
a splitless injection port flushed after 0.3 min, an FID, an au-
tosampler (Model 7673; Hewlett-Packard), a 100-m CP-Sil 88
fused-silica capillary column (100 m × 0.25 mm i.d. × 0.2 µm
film thickness; Varian Inc., Mississauga, Ontario, Canada), and
a Hewlett-Packard ChemStation software program (version
A.09). The operating conditions were as follows: injector and
detector temperatures both at 250°C; H2 as the carrier gas (1
mL/min) and for the FID (30 mL/min), N2 as the makeup gas
(30 mL/min), and air (300 mL/min). All gases were of the high-
est purity. The following temperature program was used: initial
temperature of 45°C and held for 4 min, programmed at
13°C/min to 175°C and held for 27 min, then programmed at
4°C/min to 215°C and held for 35 min (29,45,46). FAME were
identified by comparison with a GC reference FAME standard
(#463) spiked with the four-positional CLA isomer mixture
(#UC-59M), and the long-chain saturated FAME 21:0, 23:0,
and 26:0 (all samples obtained from Nu-Chek-Prep Inc.). The
trans isomers of linoleic and linolenic acids were prepared as
described previously (46). All GC results are presented as rela-
tive percentages of the total FAME based on the flame ioniza-
tion response.

Depending on the FA profile of the sample, higher or lower
concentrations of the FAME mixtures were analyzed by GC to
give maximum resolution of the cis- and trans-18:1 isomers at
a low sample load and clearly identifiable peaks of all the minor
FAME at a high sample load. The overlap of the cis-20:1 and
cis/cis/trans-18:3 isomers using this type of 100-m capillary
column and temperature program was resolved by conducting
the GC separation at isothermal conditions of 150°C (47).
Under these GC conditions, the cis-20:1 isomers from 8cis- to
11cis-20:1 eluted after linolenic acid, whereas any trans-con-
taining 18:3 isomer eluted before it.

The GC results of the FAME prepared by the acid- and base-
catalyzed procedures were compared. The results of the two
methylation procedures were generally similar except for dif-
ferences in the CLA isomer composition; acid conditions re-
sulted in a higher content of the trans,trans-CLA isomers be-
cause of the acid-catalyzed isomerization (48). The final FA
composition was obtained by averaging the results of both
methylation procedures, but the CLA isomer distribution was
taken from the results of the base-catalyzed methylation. Iden-
tification of the CLA isomers was confirmed using silver-ion
HPLC separation (29,45).

FT-NIR measurements. The FT-NIR spectra of a number of
edible oils, shortening, lard, and partially hydrogenated soy-
bean and canola oils were acquired over the range of
10,000–4,000 cm−1 (1000–2500 nm) using a Bruker Optics

Matrix F spectrometer equipped with a temperature-stabilized
InGaAs detector and a solid transflectance fiber-optic probe
with a liquid attachment and/or a Vector 22/N spectrometer
equipped with a Ge Diode detector and the same type of solid
transflectance fiber-optic probe with a liquid attachment. The
spectral resolution was set at 8 cm−1 and the path length setting
was 2 mm. The resolution setting of 4 cm−1 gave high back-
ground noise, whereas the setting of 16 cm−1 provided inade-
quate resolution. The OPUS software tools from Bruker Optics
were used to collect and handle the data using chemometric
analysis.

The following procedure was used in the development of a
classification or quantification spectral reference model. The
FT-NIR spectral measurements consisted of five scans obtained
of the neat sample in liquid form and using the liquid attach-
ment tool available from the instrument supplier. The actual
scan required only 25 s. All samples were scanned at 22 ± 2°C
except semisolid fat samples, which were melted and scanned
at 30 ± 2°C. An average absorption file for each fat and oil sam-
ple was created and used in the development of a classification
reference model or quantification model. These models were
then used to classify fats and oils having a similar FA composi-
tion at a 99% confidence interval or to quantify for FA compo-
sition. In the quantification model, the FA composition results
obtained by GC were incorporated into PLS1 model develop-
ment to determine the FA composition of edible oils and fats,
including trans FA. The quantitative model for FA analysis by
FT-NIR required both internal (cross-validation) and external
validation by using different oils with similar FA compositions.
The complete analysis of all major FA in the edible oil sample
was performed on the average spectrum obtained following the
scanning and averaging process.

The complete analysis, including scanning, cleaning of the
probe, and analysis, was achieved in a few minutes. The pres-
ent method is limited to neat fats and oils and does not apply to
fat/water mixtures such as those found in butter or margarine.
To analyze such samples will require the development of a new
FT-NIR model or a prior separation of the fat portion from the
product.

Chemometric analysis. The classification process involved
a spectral comparison of the test sample with those in the clas-
sification reference model. The result of a comparison between
two spectra is expressed in terms of the Euclidean distance
Dtest sample:

[1]

where Atest sample(k) is the absorption of the test sample spec-
trum at wavelength k, and Areference(k) is the absorption of the
reference spectrum at wavelength k. Based on the equation, the
more similar a spectrum is to the reference spectrum, the
smaller is the Euclidean distance Dtest sample. For any two test
samples with identical spectra, Atest sample(k) = Areference(k), for
every (k), and the value of Dtest sample will be zero.

The second parameter used in the classification process was
the threshold distance (DT), which defines the tolerance of the

D A k A ktest sample test sample reference= −Σ[ ( ) ( )]2
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classification model. In this case, a 99% confidence interval
was applied in calculating the threshold value. The optimal set-
ting for the threshold depended on the reference samples incor-
porated in the classification model. If the value for DT was set
too high, the model incorrectly identified samples as identical,
when in fact they were different. On the other hand, if the DT
was set too low, the model rejected samples that should have
been accepted.

In a typical classification analysis, the average spectrum of
a test sample was compared with all references and/or to a sin-
gle reference. In the latter case, there were three possible out-
comes: (i) The hit quality (a measure of the similarity of the
test sample to each reference sample) for the test sample was
lower than the threshold value of the reference sample, and no
other hits were found to meet this criterion. The result was re-
ported as “IDENTICAL,” i.e., the test sample was identical to
the reference. (ii) The hit quality of one or more of the test sam-
ples was smaller than the threshold of the reference. The iden-
tity test was reported as “CAN BE CONFUSED WITH <N>
OTHER HITS.” This outcome was possible only if the classifi-
cation reference library contained very similar materials, such
as two soybean oils from two different sources with very simi-
lar FA compositions or the same soybean oil analyzed using
two separate FT-NIR instruments. (iii) The hit quality was
greater than the threshold, and no match was found of the test
sample to any reference in the spectral library. In this case the
sample was reported as “NOT IDENTICAL.” This situation
could also arise if the sample was not scanned properly, con-
tained impurities, the batch-to-batch variations were too large,
or the test sample had a FA composition outside the range of
any reference sample in the library.

The quantitative analysis was performed using the OPUS
“Quant 2” program provided with the instrument. The data in-
corporated into this program included the FA composition ob-
tained by GC (independent variables) and the FT-NIR spectra.
A combination of processing parameters was then selected,
such as first or second derivatives, vector normalization, spec-
tral regions, and validation type (i.e., cross-validation), all of
which were then analyzed by PLS1 procedures. Once a reason-
able calibration model was established (first derivative plus
vector normalization and the specific spectral regions
4547–4794, 5423–6013, and 6974–7290 cm−1), it was applied
to determine the FA concentration in selected samples from
within the calibration set, as well as external samples that were
not part of the model. The final FT-NIR predicted values were
then compared with GC data for the same sample.

RESULTS AND DISCUSSION

A review of the differences between FTIR and FT-NIR and
their respective uses is beyond the scope of this paper; how-
ever, Workman (49) has provided a concise description of FT-
NIR and how it can be applied. It is sufficient to say that band
assignments in the NIR region are difficult since a single band
may be attributed to several possible combinations of funda-
mental and overtone vibrations. However, in the last decade ad-

vances in instrumentation and computing power combined
with ones in chemometric analysis have made it possible to an-
alyze FT-NIR spectral features based on characteristic over-
tones and combination bands of any given chemical compound.
The FT-NIR spectral fingerprints of a material or a mixture are
unique, and unless the chemical structure of the molecules is
altered or the recording temperature is very different, the FT-
NIR spectrum would remain constant. In simple terms, chemo-
metric analysis involves storing FT-NIR spectral information
as references and comparing these spectra with those of a test
sample.

Figure 1 shows broad peaks in the FT-NIR spectra for tri-
olein and trielaidin, which are the result of overtones and com-
binations of the fundamental bands in the FTIR region. Using
the chemometric functions available through the OPUS soft-
ware, we obtained second-derivative spectra that showed sig-
nificantly different patterns among various materials. Figure 2
shows the second derivative of triolein and trielaidin with
marked differences in the 4500–4750 cm−1 and 5600–5900
cm−1 regions. Figure 3 shows the differences in second-deriva-
tive spectra among triolein, trilinolein, and trilinolenin. In the
second derivative, the intensity of the peaks at 5830 and 5870
cm−1 increased, whereas the intensity of the peaks at 5768 and
5680 cm−1 decreased, as the number of double bonds in the
TAG molecule increased from 3 to 9. These spectral features
are physical characteristic of each material or mixture and do
not change unless the material or mixture has been chemically
altered. As described above, these were the spectral features
used to produce a reliable quantitative data analysis.

FT-NIR classification of fats and oils. Either the standard or
factorization method available with OPUS software can be
used to classify the FT-NIR spectra of fats or oils. In this study
the factorization  method was used because it provided addi-
tional information for the components of each sample. In the
factorized analysis, each average spectrum was assessed with
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FIG. 1. Fourier transform NIR (FT-NIR) absorption spectra of triolein
(black line) and trielaidin (gray line) in the spectral region from 4,000 to
10,000 cm−1.



respect to different components (known as vectors) present
within the sample. Once the average spectrum of any given fat
or oil was collected and stored, chemometric analysis was per-
formed to generate a classification reference model. This clas-
sification model was generated by collecting spectral finger-
prints for all the edible oils studied and has been used to clas-
sify unknown edible oils by comparing their spectra with
reference fats and oils. As mentioned above, the spectra for liq-
uid oils were obtained at 22 ± 2°C and the semisolid fat sam-
ples were first melted and scanned at 30 ± 2°C because there
was a temperature effect. A sample scanned at 30 ± 2°C would
have a different response than that scanned at 22 ± 2°C. This
effect was more noticeable in the hit quality value than was the
type of fat or oil. Therefore, separate models were prepared for
the liquid (low-trans) and semisolid (medium- and high-trans)

samples. Plots of the vector components were used to reveal
similarities or differences between individual materials and/or
groups of materials.

Figure 4 shows the plot of two of the vectors (2 and 4) iden-
tified in the analysis of the different fats, oils, and their mix-
tures. Generally, many vectors combine together to form a clas-
sification model, depending on the complexity of the model.
As shown in Figure 4, vectors 2 and 4 were selected to illus-
trate the large spectral differences among triolein, trielaidin,
trilinolein, and trilinolenin and how oils consisting of mixtures
of these FA relate to the extremes in which TAG consist of sin-
gle FA. Vectors are mathematical expressions used to quantify
changes and differences between data sets and should not be
confused with specific FA, since they appear to include general
chemical and physical characteristics of lipids such as fluidity,
unsaturation, and structural packing. A number of conclusions
were evident from a qualitative inspection of Figure 4. TAG
consisting of different single FA were distinctly separated. Soy-
bean and canola oils were different, but their respective hydro-
genated fractions converged with increasing hydrogenation,
i.e., their respective fractions highest in trans and saturated FA
were similar. Flax, walnut, and canola oils showed characteris-
tic similarities to trilinolenin, trilinolein, and triolein, respec-
tively, because these oils contained significant amounts of the
corresponding FA. Mixtures of walnut or soybean oil with
commercial shortening (a partially hydrogenated soybean oil
product) altered the cluster from one predominant in unsatu-
rated FA toward increased trans and saturated FA (vector 2).
Cluster F showed limited variation, as expected, since it repre-
sented two different samples of soybean oil with slightly dif-
ferent FA compositions, scanned using two different FT-NIR
spectrometers manufactured by Bruker Optics (Matrix-F and
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FIG. 2. Second-derivative FT-NIR spectra of triolein (black line) and
trielaidin (gray line) in the spectral region from 4,500 to 6,200 cm−1.
For abbreviation see Figure 1.

FIG. 3. Overlaid second-derivative FT-NIR spectra of triolein, trilinolein,
and trilinolenin in the spectral region from 5,600 to 6,100 cm−1. For ab-
breviation see Figure 1.

FIG. 4. Vectors 2 and 4 of a factor analysis of triolein, trielaidin, trili-
nolein, trilinolenin, and several vegetable oils, fats, and fat/oil mixtures.
(A) trielaidin; (B) trilinolein; (C), trilinolenin; (D) triolein; (E) flax oil and
walnut oil mixtures; (F) different soybean oils; (G) walnut oil and com-
mercial shortening mixtures; (H) flax oil and commercial shortening
mixtures; (I) partially hydrogenated soybean oil fractions (supplier A);
and (J) partially hydrogenated canola oil fractions (supplier B).



Vector 22/N). It should be noted that in a simple classification
model made by mixing two materials, one would expect two
different vectors representing the respective concentrations of
the two materials in question. However, in a complex classifi-
cation model, such as the one presented in Figure 4, a single
vector may represent more than one component. For example,
an increase in vectors 2 and 4 represents higher concentrations
of trans in the samples, whereas a decrease in these two vec-
tors represents increased unsaturation, as evidenced by higher
levels of linolenic acid.

Once the classification reference model was established,
scanning and classification of new unknown fats or oils were
achieved rapidly and easily without the necessity of time-con-
suming preparations of volatile FAME derivatives and GC
analysis. Typical classification reports of oils high in linoleic
acid, oleic acid, and partially hydrogenated fractions high in
trans FA (up to 60% total trans) are shown in Table 1. Each
classification report includes the hit quality, the threshold value
(a value based on the SD at a 99% confidence interval), and the
total trans content. In each case, the test samples were first
compared with themselves, which accounted for a hit quality
(or an Euclidean distance Dtest sample) of or near zero.

Oils high in linoleic acid, including two different soybean (A
and B) and walnut (A and B) oils that were scanned on the same
FT-NIR spectrometer using the conditions specified in the Mate-
rials and Methods section, showed significantly different hit qual-
ity values. Both duplicate oils showed minor differences in their
respective hit quality values (soybean oil A, 0.0000, and soybean
oil B, 0.0307; walnut oil A, 0.0750, and walnut oil B, 0.0753)
and significant differences between the two oils attributable to
differences in their FA composition. The linoleic acid
(9cis,12cis-18:2) contents of the soybean and walnut oils were
49 and 56%, respectively, with additional differences in their

oleic acid (9cis-18:1) and linolenic acid (9cis,12cis,15cis-18:3)
contents. Other oils, such as sunflower oil, showed an even
greater hit quality value of 0.13. In the second analysis, triolein
was compared with itself, and it showed a hit quality value near
zero. By comparison, olive and canola oils, known to contain
high levels of 9cis-18:1, showed higher hit quality values,
demonstrating their dissimilarity to triolein. However, it is inter-
esting to note that the closest match to triolein was a high-oleic
canola oil followed by olive oil and not any of the two normal
canola oils (canola oil A or canola oil B). All oils other than olive
and canola in the classification model had significantly higher
hit quality values (data not shown).

Partially hydrogenated canola oil containing about 60%
total trans FA was compared with other partially hydrogenated
soybean and canola oil fractions. The hit quality values in-
creased as the trans content decreased in the partially hydro-
genated soybean or canola fractions, indicating that the lower-
trans-containing samples were dissimilar to the test sample. It
is interesting to note that the closest match to partially hydro-
genated  canola oil D was partially hydrogenated soybean oil
D and not the other partially hydrogenated canola oil sample
(canola oil C). The results suggest that the composition of the
material is a more important parameter in determining the hit
quality in this comparison than the origin of the oil. These re-
sults were in agreement with the FA composition of these frac-
tions determined independently by GC (data not presented).

FT-NIR quantification of FA. FT-NIR is a nondestructive
method applied directly to fats or oils (neat) and has been used
to a limited extent in measurements of fats and oils, primarily
to quantify selective FA or groups of FA, such as trans and un-
saturated FA (38–43). The limited application appears to be
based on the general assumption that the FT-NIR signals were
too weak and broad, and lacked the sensitivity required for a
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TABLE 1
Classification of Various Oils and Fats

Sample namea Hit quality Threshold Total trans content (%)

Oils high in linoleic acid (9c,12c-18:2)
Soybean oil A 0.000001 0.013260 0.41
Soybean oil B 0.030700 0.020194 2.08
Walnut oil A 0.075013 0.016251 3.97
Walnut oil B 0.075306 0.027301 1.99
Sunflower oil 0.134202 0.005296 1.10

Oils high in oleic acid (9c-18:1)
Triolein 0.000001 0.012354 0
Canola oil (high-oleic canola) 0.172119 0.047503 2.92
Olive oil 0.213459 0.028742 0.52
Canola oil A 0.234829 0.024741 3.60
Canola oil B 0.274546 0.009170 1.88

Fats high in trans FA
PH canola oil Db 0.000001 0.054277 59.49
PH soybean oil Db 0.098692 0.019102 50.25
PH canola oil Cb 0.171336 0.026738 53.06
PH soybean oil Cb 0.204038 0.013046 43.60
Commercial shorteningc 0.292006 0.025527 20.09

aAll oils and fats were locally purchased products.
bPartially hydrogenated (PH) soybean and canola oils were provided by two separate suppliers.
cThe commercial shortening was purchased locally.



detailed FA determination. However, chemometric analysis
was shown to overcome these concerns. To quantify the FT-
NIR spectra, it was necessary to determine response factors for
each FA by preparing appropriate calibration curves. There was
a further concern that the sample matrix might have an effect
on quantification, since in the FT-NIR method the whole sam-
ple was scanned without isolating each TAG component. This
matrix dependence was recently demonstrated when traces of
residual solvent affected the outcome (50).

FA generally occur in the form of mixed TAG in fats and oils.
To prepare response factors for every FA in a mixed TAG was
for all purposes considered impossible. Several single-FA TAG
such as triolein, trielaidin, trilinolein, and trilinolenin that were
available (Nu-Chek-Prep Inc.) were used as qualitative refer-
ences. Many more pure and mixed TAG would be necessary to
prepare all the references and validation curves required to cover
the complete range of FA present in all the fats and oils in order
to make FT-NIR the primary method of analysis and still estab-
lish a relatively universal calibration model. Therefore, we de-
cided to rely on the GC results as the primary reference of FA
composition and on FT-NIR as the secondary method of analy-
sis. Furthermore, by including a variety of fingerprints from fats
and  oils that varied in saturation, cis (up to three double bonds)
unsaturation , and trans unsaturation (low, medium, high), a rel-
atively universal calibration model could be developed that
would be applicable to most of the common fats and oils. With
this approach, the accuracy of the GC results was critical, since
any errors would be directly passed onto the FT-NIR models.

The accuracy of the GC results was ensured by purifying all

FAME preparations by TLC prior to GC analysis. This was
done to remove any non-FA components that coextracted or
any artifacts produced during the methylation procedure, since
such organic substances would also result in a GC-FID signal.
(The added benefit of TLC purification of FAME was a longer
life expectancy of the GC columns.) Furthermore, it was essen-
tial to maximize the resolution of FAME isomers by using
highly polar, 100-m fused-silica capillary GC columns, such as
CP Sil 88 (Varian Inc.) or SP 2560 (Supelco Inc.). Additional
separations were achieved by manipulating the temperature of
the GC program, such as by lowering the oven temperature to
resolve the 20:1 and 18:3 isomers (47). Silver-ion TLC was
used effectively to complement the GC separation of the trans-
and cis-18:1 isomers by isolating the FAME based on their geo-
metric (cis from trans) configuration and number of double
bonds (10,29,30,45). These isolated trans- and cis- TLC bands
were then resolved by GC at an oven temperature of 120°C,
which separated most of the trans- and cis-18:1 isomers
(10,29,30,45,51). The GC–MS and GC-FTIR techniques were
also used to identify the FAME (51,52).

In total, 55 different edible oils and various mixtures thereof
were included in the development of the FT-NIR model. All
the fats and oils, and several of the mixtures were analyzed by
GC. Some of the fat/oil mixtures were only scanned by FT-NIR
to develop a robust model for the determination of unknown
fats and oils with different FA concentrations. To enhance the
accuracy of the model for the analysis of trans-containing sam-
ples, we developed three separate models for low (<2%),
medium (2–20%), and high (20–60%) trans contents. Table 2
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TABLE 2
Error Predictions Obtained from Cross-Validation for Low (<2%), Medium (<20%), and High (<60%)
trans Contents

FA Rank R2 a RMSECVb Range

Low trans
16:0 4 0.85 2.05 3.58–24.21
18:0 4 0.85 1.25 1.97–14.64
9c-18:1 8 0.99 2.28 15.74–69.74
9c,12c-18:2 7 0.98 2.61 10.68–71.15
9c,12c,15c-18:3 7 0.96 2.28 0.15–51.83

Medium trans
16:0 6 0.88 1.75 3.58–24.21
18:0 5 0.84 1.23 1.97–14.64
10t-18:1 7 0.93 0.35 0.02–4.95
11t-18:1 5 0.87 0.41 0.01–3.79
9c-18:1 7 0.99 2.21 15.75–69.74
9c,12c-18:2 8 0.98 2.73 10.68–71.15
9c,12c,15c-18:3 8 0.96 2.12 0.15–51.83

High trans
16:0 7 0.67 1.76 4.04–16.01
18:0 5 0.93 1.05 3.18–16.25
10t-18:1 7 0.91 0.91 0.46–10.26
11t-18:1 7 0.74 1.13 0.37–8.35
9c-18:1 7 0.98 2.1 6.26–51.93
9c,12c-18:2 5 0.99 0.88 0.02–50.08
9c,12c,15c-18:3 8 0.97 0.37 0–8.17

aValues below 0.85 should be used with caution. We are currently investigating potential improvements to calibration
curves with R2 ≤ 0.85.
bRMSECV, root mean square error of cross-validation.



shows cross-validation error predictions for the low, medium,
and high trans models, respectively. Furthermore, the root
mean square error of cross-validation (RMSECV) values de-
pended on the relative concentration of the FA in the sample,
being lower at low concentrations. For example, the RMSECV
for 10trans-18:1 was 0.91 when present in the range of
0.46–10.26% and was 0.35 in the range of 0.02–4.95%.

All three models proved to be highly successful in predicting
the content of the major FA in these fats and oils, as demon-
strated by comparing the FT-NIR obtained by PLS1 analysis and

the actual GC values. Figure 5 shows the correlations for GC and
FT-NIR data for 9cis-16:1 (Fig. 5A), 18:0 (Fig. 5B), 10trans-
18:1 (Fig. 5C), 9cis-18:1 (Fig. 5D), and 9trans,12trans-18:2
(Fig. 5E), which ranged from 0.25% for 9trans,12trans-18:2
(Fig. 5E) to 71% for oleic acid (Fig. 5D). The comparisons be-
tween the actual (GC) and observed (FT-NIR) values for the se-
lected FA were highly significant, with R2 values of 0.86–0.98
(Table 2). A similar PLS1 analysis for all the other major FA in
the fats and oils provided equally significant R2 values (values
not included). The RMSECV for several of the FA are shown in
Table 2 using the low-, medium-, and high-trans calibration
models. Further improvements to the calibration model should
be possible, especially for those with lower R2 values, by study-
ing all FA individually and including samples having a wider
range in each of the FA.

The quantitative FT-NIR models developed were used to
measure the FA composition of unknown fats or oils using the
OPUS software supplied with the instrument, provided the FA
ranges in the unknown fats or oils were similar to those exist-
ing in the reference library. Table 3 presents the results for three
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FIG. 5. Comparison of actual GC values and observed FT-NIR values for
(A) 9cis-16:1 (low-trans model), (B) 18:0 (high-trans model), (C) 10trans-
18:1 (high-trans model), (D) 9cis-18:1 (low-trans model), and (E)
9trans,12trans-18:2 (high-trans model). For abbreviation see Figure 1.



different oils (soybean, olive, and flax) in which the GC and
FT-NIR values are compared. The data showed a good correla-
tion between the GC and FT-NIR results based on the low-trans
model. The FT-NIR technique was able to predict the FA com-
position of these oils, including the minor trans FA isomers of
18:1, 18:2, and 18:3 as low as 0.2% as well as total CLA. Since
these three oils were among the 55 samples used to develop the
FT-NIR model, it could be argued that this good fit was pre-
dictable.

A more critical evaluation of the model is presented in Table
4, which reports the GC and FT-NIR results of two unknown
samples prepared by mixing shortening and lard. These samples
were not among the 55 samples. The consistency of the FT-NIR
and GC data in Table 4 demonstrates the potential of the FT-NIR
technique to recognize the fingerprints of and similarity between

these two fat samples. It related these two fats correctly to their
family of products, and quantitatively determined the FA com-
position, including most of the minor cis/trans and cis/cis/trans
FA and CLA isomers, many at about 0.2%. The gas chromato-
gram of the 21:79 mixture of shortening and lard is shown in Fig-
ure 6. From our experience, the absolute need to provide accu-
rate GC data for the development of the FT-NIR models should
be stressed, since poor correlations between GC and FT-NIR re-
sults were often attributed to misidentified and coeluting GC
peaks. It should be noted that GC analysis depends on the an-
alyst’s interpretation, whereas FT-NIR is based strictly on the
physical characteristics of the FA.

None of the fats or oils investigated in this study contained
ruminant fats; therefore, the CLA isomers present were those
produced during catalytic or heating processes. The total CLA
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TABLE 3
Comparison of GC and FT-NIR Results for Different Oilsa

FA Soybean oil Olive oil Flaxseed oil

GC (%) FT-NIR (%) GC (%) FT-NIR (%) GC (%) FT-NIR (%)

14:0 0.09 0.10 0.41 0.42 0.43 0.42
16:0 10.44 10.56 11.49 11.50 4.93 4.78
9c-16:1 0.08 0.08 0.75 0.75 0.05 0.05
17:0 0.11 0.11 0.06 0.06 0.06 0.06
9c-17:1 0.00 0.00 0.09 0.09 0.04 0.04
18:0 4.49 4.48 2.76 2.77 4.31 4.26
6t–8t-18:1 0.01 0.03 0.05 0.03 0.01 0.02
9t-18:1 0.05 0.02 0.15 0.16 0.01 0.07
10t-18:1 0.08 0.07 0.06 0.03 0.02 0.03
11t-18:1 0.04 0.06 0.01 −0.02 0.01 0.01
12t-18:1 0.02 0.01 0.01 −0.01 0.01 0.02
13t/14t-18:1 0.04 0.04 0.01 −0.02 0.00 0.01
15t-18:1 0.00 −0.01 0.00 −0.01 0.00 0.01
9c-18:1 19.86 19.61 68.34 68.55 20.20 20.04
11c-18:1 1.40 1.40 2.05 2.07 0.66 0.64
12c-18:1 0.04 0.10 0.00 −0.02 0.01 −0.01
13c-18:1 0.05 0.05 0.00 0.00 0.01 0.01
14c/16t-18:1 0.00 0.00 0.00 0.00 0.00 0.00
15c-18:1 0.00 0.00 0.00 0.00 0.00 0.00
19:0 0.01 0.01 0.00 0.00 0.00 0.00
9c,12t-18:2 0.06 0.09 0.06 0.06 0.06 0.06
9t,12c-18:2 0.01 0.03 0.04 0.04 0.01 0.01
9c,12c-18:2 52.70 52.78 10.68 10.55 15.40 15.68
20:0 0.36 0.35 0.52 0.52 0.17 0.16
c,c,t-18:3 0.04 0.05 0.03 0.04 0.23 0.21
9c-20:1 0.02 0.02 0.02 0.02 0.02 0.02
t,c,c-18:3 0.02 0.02 0.04 0.03 0.03 0.04
11c-20:1 0.17 0.16 0.36 0.37 0.18 0.18
9c,12c,15c-18:3 8.85 8.83 0.64 0.68 51.83 51.88
Σ CLA 0.04 0.07 0.06 0.06 0.02 0.02
22:0 0.36 0.36 0.24 0.24 0.14 0.14
24:0 0.10 0.10 0.10 0.10 0.09 0.09
Σ Sat 16.04 16.17 15.64 15.67 10.20 9.96
Σ MUFA 21.52 21.32 70.84 70.99 21.11 20.92
Σ PUFA 61.59 61.65 11.32 11.31 67.27 67.60
Σ trans MUFA 0.27 0.16 0.30 0.14 0.05 0.14
Σ trans DUFA 0.13 0.24 0.16 0.16 0.09 0.09
Σ trans TUFA 0.08 0.09 0.07 0.09 0.29 0.26
Σ trans 0.47 0.47 0.52 0.39 0.44 0.51
aThe calibration curves for some very minor FA were lower than zero, with the intercept giving negative values. Several
minor FA were not included. FT-NIR, Fourier transform NIR spectroscopy; Sat, saturated FA; MUFA, monounsaturated FA;
DUFA, diunsaturated FA; TUFA, triunsaturated FA.



content in these fats and oils ranged from 0.1 to 0.2% of total
FAME and consisted of a random array of all positional and
geometric isomers from 8,10- to 12,14-CLA (see the CLA pro-
file in Fig. 7 of the same shortening and lard mixture shown in
Fig. 6). The CLA profile in commercial fats is unlike that pre-
sent in ruminant fats, in which the 9cis,11trans-CLA isomer
(rumenic acid) predominates. The difference is that the CLA
isomers formed during catalytic or heating processes are ran-
domly formed by a combination of free-radical chain reactions
and sigmatropic rearrangements (6), whereas the CLA isomers
in ruminants are produced enzymatically by a combination of
isomerization and reduction (23). It would not be prudent to

exclude the CLA content produced during partial hydrogena-
tion of vegetable oils from total trans, as specified in the trans
labeling act (15–19), since this CLA mixture contains many
CLA isomers with unknown physiological and biological ef-
fects. Fortunately, the CLA content of industrial fats is gener-
ally not high (<0.2%), although we have observed some PHVO
with as much as 2% total CLA (unpublished data).

This new FT-NIR method, based on models developed for
quantifying FA by low-, medium-, and high-trans FA content,
will need to be evaluated in a collaborative study before it can
be recommended as an official FT-NIR method. Efforts are in
progress to conduct a collaborative study. Factors that will need
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TABLE 4
Validation of the FT-NIR Method for Mixtures of Shortening and Lard with GC Results for Comparisona

FA GC (%) FT-NIR (%) GC (%) FT-NIR (%)
80% shortening/20% lard 80% shortening/20% lard 21% shortening/79% lard 21% shortening/79% lard

10:0 0.06 0.05 0.06 0.05
12:0 0.04 0.05 0.04 0.00
14:0 0.23 0.69 0.32 1.05
16:0 17.01 17.97 22.03 22.61
9c-16:1 0.45 0.82 1.57 1.55
17:0 0.18 0.22 0.35 0.32
9c-17:1 0.10 0.13 0.25 0.21
18:0 10.63 10.54 13.09 13.18
6t–8t-18:1 1.32 1.32 0.47 0.67
9t-18:1 1.56 1.84 0.62 1.04
10t-18:1 3.35 3.06 1.08 1.38
11t-18:1 2.50 2.45 0.82 1.15
12t-18:1 1.12 1.14 0.38 0.48
13t/14t-18:1 1.11 1.43 0.45 0.67
15t-18:1 0.30 0.37 0.20 0.14
9c-18:1 27.10 26.82 34.53 32.25
11c-18:1 1.85 2.11 2.38 2.25
12c-18:1 3.40 2.67 1.04 1.08
13c-18:1 0.22 0.24 0.15 0.16
14c/16t-18:1 0.22 0.28 0.10 0.13
19:0 0.28 0.24 0.14 0.09
9t,12t-18:2 0.10 0.08 0.03 0.04
9c,13t-/8t12c-18:2 0.77 0.85 0.25 0.33
9c,12t 18:2 1.26 0.73 0.50 0.40
9t,12c-18:2 1.04 0.66 0.41 0.30
11t,15c-18:2 0.26 0.32 0.06 0.10
9c,12c-18:2 19.36 17.40 14.94 16.13
20:0 0.38 0.32 0.28 0.24
c,c,t-18:3 0.24 0.18 0.13 0.18
9c-20:1 0.13 0.05 0.09 0.05
t,c,c-18:3 0.18 0.17 0.14 0.18
11c-20:1 0.31 0.32 0.65 0.40
9c,12c,15c-18:3 1.00 1.50 0.73 0.17
Σ CLA 0.14 0.07 0.08 0.08
11c,14c-20:2 0.12 0.14 0.43 0.35
22:0 0.27 0.17 0.09 0.13
24:0 0.09 0.06 0.02 0.04
Σ Sat 29.17 30.30 36.41 37.81
Σ cis MUFA 33.08 33.79 39.05 38.19
Σ cis PUFA 20.48 20.06 16.10 17.04
Σ trans MUFA 11.40 11.97 4.07 5.48
Σ trans DUFA 3.57 2.69 1.33 1.21
Σ trans TUFA 0.55 0.42 0.36 0.42
Σ trans 15.51 15.15 5.76 6.94
aThe calibration curve for some very minor FA was lower than zero, with the intercept giving negative values. Several minor FA were not included. For ab-
breviations see Table 3.



to be addressed are the accuracy and reproducibility of the FT-
NIR method for determining the FA composition of a fat or oil
product, the limits of FA detection, the effect of positional iso-
mers of mixed TAG, the effect of trace levels of non-TAG com-
ponents such as plant sterols (or cholesterol) and tocopherols,
and any parameters that will need to be controlled, such as the

temperature of analysis. The present study involved over 55
samples covering a variety of edible oils and their mixtures,
and the results suggest that the FT-NIR method has great po-
tential for complementing the GC technique when routine
analysis of many samples is required. It should be emphasized
that this is a relatively universal model for edible oils, and it
cannot be applied to other products such as salad dressings and
margarines. To analyze these products directly, a separate
unique model needs to be developed.

An FT-NIR calibration reference model was developed
based on chemometric analyses of the FT-NIR absorptions and
accurate FA compositions obtained by GC. Three separate
models were developed based on scanning 55 fats, oils, and
fat/oil mixtures to serve as low-, medium-, and high-trans-con-
taining samples. These calibration models were designed to
rapidly screen and/or monitor the trans content for regulatory
labeling purposes. The results showed that the FT-NIR method
was rapid, comprehensive, and accurate. It compared well with
the current certified methods of trans fat analysis by ATR-FTIR
by providing the complete FA composition of the fat or oil in-
stead of only the total trans content, as in the FT-IR method.
Special modifications were required for both methods to melt
semisolid fats before measurements were taken. On the other
hand, the FT-NIR and the GC methods complemented each
other. Even though the GC method remains essential to estab-
lish reliable FA compositional data to develop the FT-NIR
models, subsequent labor- and time-consuming GC analyses of
routine fat and oil samples will not be necessary. A large num-
ber of analyses can be performed rapidly and just as compre-
hensively by FT-NIR as by GC. We recommend that product-
specific quantitative FT-NIR models be developed for greater
accuracy. Whereas the FT-NIR model needs to be developed
only once, GC analyses need to be performed on every sample,
including the conversion to FAME followed by GC separation
and interpretation of the data. This provides  obvious time and
cost savings in routine quality control when many samples are
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FIG. 6. GC chromatogram of the 21:79 mixture of commercial shorten-
ing and lard using a 100-m CP Sil 88 capillary column and temperature
program described in the Materials and Methods section.

FIG. 7. Partial GC chromatogram of the CLA region from the sample presented in Figure 6.



involved. However, if only a few samples are involved, the FT-
NIR technique provides no advantage.
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ABSTRACT: This review article presents 342 aromatic glyco-
sides, isolated from and identified in plants and microorganisms,
that demonstrate different biological activities. They are of great
interest, especially for the medicinal and/or pharmaceutical in-
dustries. These biologically active natural surfactants are good
prospects for the future chemical preparation of compounds use-
ful as antioxidant, anticancer, antimicrobial, and antibacterial
agents. These glycosidic compounds have been classified into
several groups, including simple aromatic compounds, stilbenes,
phenylethanoids, phenylpropanoids, naphthalene derivatives,
and anthracene derivatives.

Paper no. L9814 in Lipids 40, 869–900 (September 2005).

The father of modern medicine was Hippocrates, who lived
sometime between 460 and 377 BC. Hippocrates left historical
records of pain-relief treatments, including the use of a powder
made from the bark and leaves of the willow tree to help heal
headaches, pains, and fevers. Since the time of Hippocrates,
people have chewed on willow leaves and bark to alleviate
pain. About 2,000 years later, aspirin began being manufac-
tured from a compound extracted from the tree. As it turns out,
that family of compounds, called phenolic glycosides, also
plays a key role in plant health, making many plants tough and
disease resistant.

Aromatic compounds, including phenolic compounds, are
widely distributed in the plant kingdom (2). These compounds
are essential for the growth and reproduction of plants and are
produced as a response to defend injured plants against
pathogens. In recent years, interest has been growing in aromatic
compounds and their presumed role in the prevention of various

degenerative diseases, such as cancer and cardiovascular dis-
eases (3–5). The antioxidant activities of aromatic compounds
and their possible use in processed foods as natural antioxidants
have gained considerable recognition in recent years (3,6,7). Ter-
restrial vascular plants and their aquatic counterparts contain sev-
eral types of phenylpropanoid metabolites. In vascular plants,
this pathway provides major classes of organic compounds of
specialized function and structure. These include neolignans and
lignans, structural cell wall polymers (lignins and the aromatic
portion of suberins), proanthocyanidins (condensed tannins, i.e.,
the phenylalanine-derived portion), and related compounds.
Without this pathway, the normal growth, development, and sur-
vival of both woody and nonwoody plants would not be possi-
ble. Indeed, since approximately 10–45% of all vascular plant
material is of phenylpropanoid origin, these metabolites consti-
tute a major sink of organic carbon. Many of these molecules can
occur in plants in the form of glycosides, which means they have
one or more simple sugars, such as glucose, galactose, mannose,
xylose, or another sugar attached to them. Not only are thousands
of aromatic compounds known, but some of the smaller mole-
cules also can polymerize, or join together to form larger and
more complex molecules. Different kinds of molecules might be
found in one polymer (8–11).

Phenolic compounds (a molecule containing an aromatic
ring that bears one or more hydroxyl groups is referred to as
“phenolic”) can also be bound to certain proteins, polysaccha-
rides, or lipids (12–18), and as if this were not complex enough,
some molecules can have multiple isomers, forms in which
their atoms are arranged slightly differently. 

Simple and polyphenolic compounds and/or their glyco-
sides of fruits and vegetables may play an important role in
physiological functions related to human health (19–26). Dif-
ferent polyphenolics may have varied biological activities, such
as having anticancer, anti-inflammatory, cytostatic, cytotoxic,
antimitotic, neurotoxic, antiplatelet, antibacterial, antifungal,
aggregational, or antiradical activities, as well as antioxidant or
cardioprotective activities (3,20,22,24,27–29).

Aromatic glycosides, representative of a large group of nat-
ural compounds mainly originating from plant species that can
be separated on several groups, including simple aromatic gly-
cosides, stilbene glycosides, phenylethanoid and phenyl-
propanoid glycosides, naphthalene glycosides, and glycosides
of anthracene derivatives (anthraquinones, angucyclines, oxan-
thrones, and anthrones), as considered in this review article.
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centration at which growth or activity is inhibited by 50% (applies to ligand
and growth inhibition); Ki, prolyl hydroxylase activity, expressed as mol/mg
protein; LLC, Lewis lung carcinoma; LPS, lipopolysaccharide; MIC, mini-
mum inhibitory concentration of an antibiotic that inhibits a bacterium;
MPP+, 1-methyl-4-phenylpyridinium ion; OLE, olive leaf extract; SDG, sec-
oisolariciresinol diglycoside 245; TNF-α, tumor necrosis factor α.
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SIMPLE AROMATIC GLYCOSIDES

Simple aromatic (including phenolic) glycosides have been iso-
lated mainly from plants, although a few compounds have been
isolated from microorganisms. Compounds in this group often
also possess alcoholic, aldehydic, and carboxylic acid groups.
Medicinal herbs constitute an important source of biologically
active compounds, and they have given us a number of impor-
tant drugs that are mainstays of treatment in synthetic systems
of medicine (30–32).

The Egyptians (ca. 1500 BC) recorded a collection of
recipes for medicines that included a recipe using an infusion
of dried myrtle leaves (which contain salicylic acid) to relieve
back pain. The effects of aspirin-like substances have been
known since the ancient Romans recorded the use of willow
bark as a fever fighter. The leaves and bark of the willow tree
contain a substance called salicin, 1, a naturally occurring com-
pound similar to acetylsalicylic acid (aspirin) (33). Aspirin is
probably the most successful medicine of all time, and new
uses for it continue to be discovered (34–37).

In 1828, Johann Buchner, a professor at Munich University,
isolated pure salicin from willow bark (Salix alba). Two Ital-
ians, Luigi Brugnatelli and Carlo Fontana, had in fact already
obtained salicin in 1826, but in a highly impure form. By 1829,
Henri Leroux, a French chemist, had improved the extraction
procedure to obtain about 30 g from S. alba bark. In 1838, Raf-
faele Piria, an Italian chemist then working at the Sorbonne in
Paris, split salicin into a sugar and an aromatic component (sal-
icylaldehyde) and converted the latter, by hydrolysis and oxi-
dation, to an acid of crystallized colorless needles, which he
named salicylic acid (38–43). The name salicin was derived
from salix, which is the Latin word for willow tree. Many well-
known drugs have come from studying natural plant com-
pounds such as salicin, the active constituent found in white
willow bark. This herb has been used for centuries to ease dis-
comfort associated with the joints and muscles. Occurring as
white crystals or powder, salicin has analgesic, antipyretic, dis-
infectant, and antiseptic properties, and it has been found in a
number of plant species: S. alba, Salix tetresperma, Salix frag-
ilis, Populus nigra, Populus alba, Populus tremula, and Fil-
ipendula ulmaria (39–44).

Salicin-related compounds, such as gaultherin 2 (formerly
known as monotropitoside or monotropitin), monotropin, and
spiraein are some of the known compounds present in plant
flora having activity similar to salicin. Gaultherin 2 is a glyco-
side of methyl salicylate that is present in Gaultheria procum-
bens (wintergreen); it is also known as monotropitoside and is

used as a source for the manufacture of salicylic acid (44).
Salicin is found in most Salicaceae species, together with other
much less abundant glycosides such as populin, tremuloidin,
fragilin, glycosmin, picein, salireposide, grandidentatin, trian-
drin, salicylpopulin (salicyloylpopulin), and salidroside (sali-
cyloylpopulin) (45). Salicylates have long been known as
water-soluble compounds derived from a number of plants,
particularly willow (Salix spp.), meadowsweet (Spirea spp. and
F. ulmaria), sweet birch (Betula lenta), white birch (Betula
pendula), wintergreen (G. procumbens), balsam poplar (Popu-
lus balsamifera), black poplar (P. nigra), balm of Gilead (Pop-
ulus candicans), black haw (Viburnum prunifolium), and sweet
violet (Viola odorata), with analgesic, antipyretic and anti-in-
flammatory properties (46–48). In 1953, Paris and Pointet (49)
reported the presence of gaultherin 2 in the bark of Ostryopsis
davidiana. More recently, Towers et al. (50) studied leaf ex-
tracts of 22 species of Gaultheria after acid or alkali hydroly-
sis, yielding p-hydroxybenzoic, o-pyrocatechuic, protocate-
chuic, gentisic, vanillic, p-coumaric, caffeic, and ferulic acids,
and found that 13 species contained derivatives of salicylic acid
as well; the glycoside gaultherin 2 was isolated from G.
procumbens and Gaultheria hispidula. Gaultheria oil (or win-
tergreen oil), which consists almost solely of methyl salicylate,
was formerly distilled on a commercial scale from the leaves
of this species. Gaultheria procumbens, also known as
teaberry, wintergreen, Canada tea, partridge berry, checker-
berry, boxberry, wax cluster, spice berry, mountain tea, deer-
berry, spicy wintergreen, aromatic wintergreen, chink, ground
berry, grouse berry, red pollom, redberry tea, hillberry, and
ivory plum, is related to the Northwest native evergreen
groundcover Gaultheria shallon, which was used by Quinault
and Klallum Indians for its medicinal properties as a stimulant,
antiseptic, astringent, diuretic, emmenagogue, and aromatic,
and was also useful in chronic inflammatory rheumatism,
rheumatic fever, sciatica, diabetes, all bladder troubles, scro-
fula, and skin diseases (51). Spiraein 3, which contains salicyl-
aldehyde, xylose, and glucose, was first isolated from F. ul-
maria (52) and was later was found in other plant species, i.e.,
Populus tremuloides, Salix purpurea, S. fragilis, Salix nigri-
cans, and Salix rosmarinifolia (53). Leonuriside A 4 and erige-
side C 5 were isolated from the aerial parts of Acanthus ilici-
folius (54). Two new salicin derivative glucosides, 7-O-methyl-
salicin 6 and 7-O-(2,6-dihydroxy-benzoyl)salicin 7, were
isolated from the leaves of Alangium platanifolium var.
trilobum (55). Salicin 1 and populin 8 were isolated from hot-
water bark extracts of Populus tomentosa, Populus davidiana,
Populus euphratica, and Populus simonii (56).
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HPLC analysis of the bark of Salix petiolaris (S. gracilis var.
textoris), which was collected in November, was shown to con-
tain salicin 1, populin 8, picein 9, salicyloylsalicin 11, salirepo-
side 12, grandidentatin, vimalin, tremulacin 13, and salicyloyl-
salicin-2-O-benzoate 14 (57). Golden root (Rhodiola rosea) has
been used for many years as an adaptogen in Chinese traditional
medicine and was reported by Tolonen et al. (58) to have many
pharmacological properties; its known phenylpropanoid metabo-
lites, picein 9 and benzyl-O-β-glucopyranoside 10, were recently
isolated. Three new glycosides, benzyl alcohol β-D-glucopyra-
nosyl-(1→2)-[β-D-xylopyranosyl-(1→6)]-β-D-glucopyranoside
15, 2′-O-β-D-glucopyranosylsalicin 17, and 2′-O-β-D-glucopy-
ranosyl-6′-O-β-D-xylopyranosylsalicin 18, along with the
known benzyl alcohol β-D-xylopyranosyl-(1→6)-β-D-glucopy-
ranoside 16 and 6′-O-β-D-xylopyranosyl-salicin 19, were iso-
lated from the water-soluble fraction of the dried leaves of
Alangium chinense (59).

Dill (Anethum graveolens) has been cultivated in Europe
since antiquity and is popular aromatic herb and spice. Its
seed also has been used for medicinal purposes to relieve di-
gestive problems and to stimulate milk for nursing mothers.
Dill water was believed to have a soothing effect on the di-
gestive system and was given to babies to relieve hiccups and
colic, and essential oils from dill have antimicrobial (60,61),
antihyperlipidemic, and antihypercholesterolemic activities
(62). From the water-soluble fraction of an ethanol extract of
dill seed, which has been used as a spice and medicine, 33
compounds were obtained, including the known compound
10 and the new aromatic glucosides 20–25 (63).
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Important crude drugs from the Atractylodes plant (Japan-
ese name jutsu), Atractylodes rhizome [Atractylodes japonica
and Atractylodes ovata (Japanese name byaku-jutsu)], and
Atractylodes lancea rhizome [A. lancea and Atractylodes chi-
nensis (Japanese name so-jutsu)] are used as diuretics and
stomachics (64). The new aromatic glycosides 26–29 were iso-
lated together with 10 known compounds, including 25, from
the water-soluble fraction of the fresh rhizome of A. japonica
(65).

Coriander (Coriandrum sativum) has one of the longest
recorded histories of any of the spices. There is evidence that
this native of the Mediterranean and Near East has been in use
since 5000 BC. Its seeds have been found in Bronze Age ruins
on the Aegean Islands and in the tombs of the pharaohs. Co-
riander is mentioned in the Ebers Papyrus and in the books of
Moses. It was grown in Assyria and Babylon and was used in
minced meat dishes, sausages, and stews. The seeds have been
used as a drug for indigestion, against worms, and as a compo-
nent of embrocations for rheumatism and pains in the joints.
From the water-soluble portion of a methanol extract of corian-
der fruits, two new aromatic glycosides, 30 and 31, were iso-
lated together with the known compounds 4, 24, and 25 (66).

The seed of the Amomum plant is one of the most ancient
and highly valued spices in the world. The seed of Amomum
xanthioides (Zingiberaceae) also has been used for medicinal
purposes; it is prescribed in traditional medicines for stomachic
and digestive disorders and contains the simple aromatic gly-
cosides 24 and 32 (67).

The Aceraceae plant Acer nikoense is indigenous to Japan
(Japanese name, megusurinoki), and its stem bark has been
used as a folk medicine for the treatment of hepatic disorders
and eye diseases. The new aromatic glycoside nikoenoside 33
and also kelampayoside A 34, 35, and 36 were isolated from
the stem bark of A. nikoense (68).

Plants of the genus Eugenia showed antidiabetic (69), hy-
poglycemic (70), and also antibacterial and antifungal activi-
ties against gram-positive bacteria (Bacillus subtilis, Staphylo-
coccus aureus), gram-negative bacteria (Salmonella ty-
phimurium, Pseudomonas aeruginosa, Klebsiella pneumoniae,
and Escherichia coli), and fungal strains (Candida albicans,
Cryptococcus neoformans, Aspergillus flavus, Aspergillus fu-
migatus, Aspergillus niger, Rhizopus sp., Trichophyton rubrum,
Trichophyton mentagrophytes, and Microsporum gypseum)
(71). Lambertianoside 37, a novel phenylglycoside with anti-
HIV activity, has been isolated from the aqueous extract of
leaves from Eugenia lambertiana [HIV EC50 (i.e., median ef-
fect concentration causing an adverse reaction in 50% of or-
ganisms or a 50% reduction in the growth or growth rate of an
organism), 3 µg/mL; HIV IC50 (i.e., 50% inhibition concentra-
tion), 25 µg/mL] (72).

Pumpkin, the fruit of Cucurbita moschata (Cucurbitaceae),
has been a popular vegetable in cooking since antiquity, and
salted, roasted pumpkin seeds are used in several countries as
snacks; pumpkin seeds are also an important traditional Chi-
nese medicine used in the treatment of cestodiasis, ascariasis,
and schistosomiasis. Pharmacological studies on the seeds
have demonstrated hepatoprotective (73) and antitumor activ-
ities (74). The new phenolic glycosides cucurbitosides A–E,
38–42, were isolated from the seeds of C. moschata (75). The
dried stem bark of Albizzia julibrissin (Leguminosae) has been
used in Chinese herbal medicine to treat insomnia, diuresis,
asthenia, ascaricide, and confusion. From the stem bark of A.
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julibrissin, two new phenolic glycosides were isolated, albib-
rissinosides A 43 and B 44. Albibrissinoside B 44 showed a
strong 1,1-diphenyl-2-picrylhydrazyl radical-scavenging ac-
tivity, with an IC50 value of 10.2 µM (positive control, L-
ascorbic acid IC50 10.4 mM), whereas albibrissinoside A 43
showed a weak scavenging activity, with an IC50 value of 253
µM (76).

Three new phenolic compounds, 2-methoxy-5-(1′2′3′-trihy-
droxypropyl)-phenyl-1-O-(6′′-galloyl)-β-D-glucopyranoside 45,
2-methoxy-5-hydroxymethyl-phenyl-1-O-(6′′-galloyl)-β-D-glu-
copyranoside 46, and 1-galloyl-β-D-glucopyranosyl-(1→4)-β-
D-galactopyranoside 47, were isolated from the leaves of
Baseonema acuminatum (Asclepiadaceae) (77). The antimicro-
bial activity of all compounds was evaluated in vitro against the
bacteria S. aureus (two strains), Bacillus cereus, B. subtilis, E.
coli, and Salmonella typhimurium and against three strains of
C. albicans. The new compounds 45 and 46 showed antifungal
activity against two clinically isolated C. albicans strains and
against C. albicans ATCC 2091 [minimum inhibitory concentra-
tion (MIC) values in the range of 25–100 µg/mL]. Compound

47 inhibited only one strain of C. albicans at the maximum con-
centration used. Melilotoside 48 was isolated from Ephedra ne-
brodensis (78). The new phenolic glycosides quercetin β-D-glu-
copyranosyl 4-O-β-D-glucopyranosylcaffeate 49, methyl 3-O-β-
D-glucopyranosyl-5-hydroxycinnamate 50, and β-D-gluco-
pyranosyl 4-O-β-D-glucopyranosylbenzoate 51 were isolated
from the flowers of Moricandia arvensis (79). Compounds
49–51 showed antioxidant activity, and 49 proved to possess the
most potent radical-scavenging activity.

Curculigo orchioides (Amaryllidaceae) is a tiny herbal plant
widely distributed in China, India, Malaysia, Japan, and Aus-
tralia. Its rhizomes have the properties of warming the kidneys,
invigorating yang, expelling cold, and eliminating dampness,
and are used as the traditional Chinese medicine xian mao to cure
impotence, enuresis, cold sperm, cold pain of the back and knee,
and numbness of the limbs (80). In India, the tuberous roots of
this plant are considered to be a tonic, alterative, demulcent, di-
uretic, and restorative, and are used as a poultice for itching and
skin diseases (81). Three phenolic glycosides, curculigosides 52,
B 53, and C 54; orcinol glycoside 55; and anacardoside 56 have
been isolated from the rhizomes of C. orchioides and have been
described in some recently published papers (81–88).

Three rare new chlorophenyl glycosides, curculigin A 57,
B 58, and C 59, have been isolated from C. orchioides
(82,86). A new chlorine-containing phenoloid named capitu-
latin A 60 has been isolated from the rhizomes of Curculigo
capitulata (89).
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Three chlorophenyl glycosides 61–63 were extracted from
the tissues of Lemna minor exposed to 2,4-dichlorophenol (90).
Chlorophenols are an important class of xenobiotics used in a
variety of biocides and have been shown to be resistant to mi-
crobial degradation. Enzyme-catalyzed hydrolysis with β-glu-
cosidase was found to be ineffective in releasing the β-gluco-
sides with chemical modifications at C-6. The presence of these

glucoconjugates confirmed that L. minor was capable of xeno-
biotic uptake and transformation. The products identified sug-
gested that chlorophenols were incorporated into the vacuoles
and cell walls of L. minor (90). The chlorophenol glucuronides
64 and 65 were isolated from human urine (91). β-(2-
Chloroethyl)-D-glucoside 66 was isolated from the green plant
Taraxacum officinale (92). Chlorophenol glycosides with the
common structure 67 can be synthesized by aquatic plants and
have been isolated from aquatic environments (93).

From the rhizomes of Curculigo pilosa, two benzylbenzoate
diglucosides, piloside A 68 and B 69; the O-methyl derivative
70; nyasicoside 71; and a glucosyl-fused norlignan, pilosidine
72, previously obtained only as the tetra-O-methyl derivative
73, were isolated. Pilosidine 72 showed a facilitating effect on
adrenaline-evoked contractions in rabbit aorta (85). Nyasico-
side 71 also was found in the rhizomes of C. capitulata (94). A
monoglucoside, shipamanine 77, and the related compounds
obtuside A 74, obtuside B 75, and hypoxoside 76 were isolated
from the rhizomes of Hypoxis obtusa (95,96). Shipamanine 77
and hypoxoside 76 showed antiviral, antitumoral, and analgesic
activities.
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The poisonous perennial shrub Breynia officinalis (Euphor-
biaceae) grows in Okinawa, Taiwan, and southern China. It is
administered orally as a remedy for healing wounds and
edema, as an ointment, for syphilis, and for intestinal hemor-
rhage due to overwork (97). The novel phenolic glycosides
78–82 have been isolated from the leaves of B. officinalis col-
lected on Okinawa Island (98).

The herbaceous plant Pyrola japonica (Pyrolaceae) is wide-
spread in Korea, Japan, and China; the leaves are used as a
detoxicant for the bites of snakes, insects, and dogs, and as a
drug to cure yellowish and bloody sputum (99). Five new phe-
nolic glycosides, 83–87, were isolated from the whole plants
of P. japonica (100), and a new cyclic compound, jujupheno-
side 88, was isolated from the seeds of Ziziphus jujuba var.
spinosa (101).

Three active glycosides (including sinenoside 1 89), which
afford protection to red blood cell membranes to resist hemol-
ysis induced by the peroxyl radical initiator 2,2′-azo-bis-(2-
amidinopropane) dihydrochloride, were isolated from Ligus-
trum sinense (102). Dracunculifoside K 90 and N 91, and 10

other glycosides were isolated from the aerial part of Baccha-
ris dracunculifolia (Compositae); these compounds have an
(E)-caffeoyl group like dracunculifosides A–J, which were re-
ported previously (103).

Syringic acid 4-β-D-glucoside 92 was isolated from the aer-
ial part of Erigeron breviscapus (104), and a lignan, glycoside
(−)-secoisolariciresinol-O-α-L-rhamnopyranoside 93, was iso-
lated from the aerial parts of Rubus amabilis (105). Dictamno-
side A 94 was isolated from the whole herb of E. breviscapus
(106).

Four erythro-anethole glycol monoglucosides, 95–98, and
two new glycosides of p-hydroxyphenylpropylene glycol were
isolated from the methanolic extract of the seed of Foeniculum
vulgare (Umbelliferae). This is the first report of the isolation
of all four O-β-D-glucopyranosides, which have the glucosyl
unit attached to the hydroxy group of the erythro-glycol func-
tion of individual stereoisomeric aglycons (107).
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Aromatic glycosides, named hovetrichoside G 99 and F
100, shashenoside I 101, arillanin F 102, and kelampayoside A
103, have been isolated from the bark of Hovenia trichocarea
(108).

The HIV-inhibitory activity of the extract was traced to
polymeric tannins, whereas 2-hydroxy-3-O-β-D-glucopyra-
nosyl-benzoic acid 104 was inactive in the National Cancer In-
stitute’s primary anti-HIV screening. This glycoside was iso-
lated from Geniostoma antherotrichum (109).

The unusual compound (7S,8S)-3,5,8-trihydroxy-7-(4-hy-
droxyphenyl)-bicyclo[4.2.0]-octa-1,3,5-trien-2-yl-β-D-glu-
copyranoside 105 was isolated from an aqueous extract of
Polygonum multiflorum (110).

Many other simple aromatic glycosides with biological ac-
tivities have been isolated from plant species, and readers of
Lipids can find additional interesting information in a number
of review articles (111–122).

STILBENES

Stilbenes—or 1,2-diphenylethylenes, of which more than 300
are known—are biologically active compounds that have
shown different activities, such as nitric oxide production inhi-
bition and antibacterial, antifungal, antioxidant, anti-inflamma-
tory, anticancer, and antimalarial activities (123–128). These
compounds and/or their glycosides also have attracted much
attention for their biological effects, including antioxidant cy-
clooxygenase-I and -II inhibitory (129), antiplatelet-aggrega-
tion (130), antifungal (131), tyrosinase-inhibitory (132), anti-
HIV-1, and cytotoxic effects (133), which play an important
role in photochemical reactions (134,135). They have been
found in many families of higher plants but mainly in Vitaceae,
Gnetaceae, Polygonaceae, Liliaceae, Moraceae, and Cyper-
aceae. According to the National Library of Medicine (Na-
tional Center for Biotechnology Information, Bethesda, MD),
more than 28,000 research papers have been published on the
activities of stilbenes and related compounds.

Two novel bibenzyl glucosides, together with their known
aglycons batatasin III 106 and 3′-O-methylbatatasin III 107,
were isolated from the tubers of Pleione bulbocodioides (136);
icariside A6 108 also was isolated from the aerial parts of
Epimedium grandiflorum var. thunbergianum as a minor con-
stituent (137).

The tree Acer mono (A. truncatum subsp. mono, Aceraceae),
known as gorosoe in Korean, is widely distributed in Korea,
China, and Japan. The leaves of A. mono have been used in Ko-
rean folk medicine for hemostasis, and the roots have been used
for the treatment of arthralgia and cataclasis. The sap of A.
mono has been used to treat difficulty in urination, constipa-
tion, other gastroenteric disorders, gout, and neuralgia (138).
Two new stilbene glycosides, 109 and 110, were isolated from
the leaves of A. mono along with seven known compounds.
Compounds 109 and 110 showed significant hepatoprotective
activities (97.3% protection against toxicity induced by H2O2
at 50 µg/mL) in primary cultures of rat hepatocytes (139).
Compounds 109 and 111, isolated from the stem bark extract
of Boswellia papyrifera (140), exhibited significant inhibition
of phosphodiesterase I and xanthine oxidase (140).

Resveratroloside 112, a well-known stilbene glycoside, is
widely distributed in grapes and wines (141). The highest con-
tents of resveratrol and resveratrol glycoside 112 were ob-
served in wines made with the mourvedre, pinot, and cabernet
sauvignon varieties; the lowest were in those made with gamay,
cabernet franc, or grenache (141). It has also been found in
many other plant species (142). Resveratroloside 112 exhibited
relatively higher cytotoxic activities against human oral squa-
mous cell carcinoma and salivary gland tumor cell lines than
against normal human gingival fibroblasts (143). Other phar-
macological activities of resveratrol and their glycosides have
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recently been reviewed (144). 4′-O-β-D-(6′′-O-Galloyl)-glu-
copyranoside 113 was isolated from the Japanese rhubarb,
shinshu daio (145). Trans-piceid 114, trans-astringin 115,
isorhapontigenin 3-O-β-D-glucoside 116, and pinostilbenoside
117 were isolated from the bark of some Pinaceae species
(146). Compounds 115 and 116 also were found in the Col-
orado blue spruce (Picea pungens) and Engelmann spruce
(Picea engelmannii) (147). Resveratroloside 112 and pinostil-
benoside 117 were found in the inner bark of Pinus sibirica
(148). Hydroxystilbene glycoside 111 was isolated from the
roots of the Italian tree Terminalia sericea (149), and 118 was
isolated from the Australian Eucalyptus sideroxylon (149). De-
oxyrhaponticin 119, rhaponticoside 120, piceatannol 3′-O-β-D-
glucopyranoside 121, and compound 117 were obtained from
an extract of the rhizomes of Rheum rhaponticum (150).

trans-Piceid 114 and compound 122 were found in grapes
and wine (151). Kimura and Okuda (151) studied the effects of
stilbene glucosides, which were isolated from medicinal plants
and grapes, on tumor growth and lung metastasis in mice bear-
ing highly metastatic Lewis lung carcinoma (LLC) tumors, and
also the inhibitory effects of stilbene glucosides on the differ-
entiation of human umbilical vein endothelial cells (HUVEC).
Piceid 114 inhibited the DNA synthesis in LLC cells at a con-
centration of 1000 µM, but not at lower concentrations (10–100
µM). 2,3,5,4′-Tetrahydroxystilbene-2-O-D-glucoside 122 also
inhibited DNA synthesis in LLC cells (IC50, 81 µM). In addi-
tion, both stilbene glucosides inhibited the formation of capil-
lary-like tube networks (angiogenesis) of HUVEC at concen-
trations of 100–1000 µM. It was suggested that the antitumor
and antimetastatic activities of the stilbene glucosides piceid
and 2,3,5,4′-tetrahydroxystilbene-2-O-D-glucoside 122 might
be due to the inhibition of DNA synthesis in LLC cells and an-
giogenesis of HUVEC. The pharmacological effect of stilbene
glycoside 122 on two kinds of cell models of amentia imitation
was observed; the protective mechanism of stilbene glycoside,
the main effective component of the tuber fleeceflower root on
nerve cells, was explored; and a basis was provided for clarifi-
cation of the efficacy of a Chinese drug compound from the
tuber fleeceflower root (152). The results indicated that stilbene
glycoside 122 significantly promoted cell viability and reduced
cell membrane damage in β-amyloid 25–35 and H2O2, treating
nerve cells. This drug may antagonize the cell damage initially
induced by hydrogen peroxide and prevent subsequent toxicity
of the amyloid β-protein in nerve cells. This nerve protection
of the drug will be the basis for treating Alzheimer’s disease
and other neurodegenerative diseases.

The tetrahydroxystilbene glycosides 122–125 were isolated
from P. multiflorum (153). These isolated tetrahydroxystilbene
glucosides are used to prepare drug and/or health-care foods
for the prevention and treatment of cerebrovascular and cardio-
vascular diseases.

Stilbenes isolated from the rhizomes of the Korean rhubarb
Rheum undulatum and related compounds were investigated
for their antiallergenic activities (154). Thus, the effects of sub-
stitutes on the aromatic rings of stilbenes have indicated that
stilbenes substituted with methoxyl groups at the 3-, 5-, and 40-
positions exhibit higher activity than those with hydroxyl
groups. Moreover, the activity is dramatically decreased when
there is no substitute on aromatic rings. Substitution of the gly-
coside moiety on the ring dramatically decreases the activity,
which can be observed from the inhibitory activities of rhapon-
ticin [126, IC50 > 100 (9.4) µM], and rhaponticin 2-O-gallate
(127, 45.6 µM), isorhapontin (128, 23.5 µM), and piceatannol
30-O-β-D-glucopyranoside (131, −7.1 µM) compared with
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nonglycosidic compounds such as rhapontigenin (11 µM),
isorhapontigenin (12 µM), and piceatannol (24 µM). The re-
sults revealed that 3,5,40-trimethylpiceatannol exhibited the
most potent inhibition against β-hexosaminidase release as a
marker of degranulation in RBL-2H3 cells (IC50 2.1 µM), fol-
lowed by trimethylresveratrol (IC50 5.1 µM). Glycosides
128–130 also were found in extracts from the root bark of
Picea abies (155). The stilbenes rutinoside 132 and dihy-
drochalcone glucoside 133 were isolated from Guibourtia tess-
manii (156).

Species of the Dipterocarpaceae family are a rich source of
polyphenols, particularly resveratrol oligomers, and they show
various biological activities such as being cytotoxic, antiviral,
and anti-inflammatory (157). Resveratrol glycosides 134–136,
together with known compounds, were isolated from the ace-
tone-soluble part of the stem of Upuna borneensis (Diptero-
carpaceae) (157).

Two new stilbene dimer glucosides, resveratrol (E)-dehy-
drodimer 11-O-β-D-glucopyranoside 137 and resveratrol (E)-
dehydrodimer 11′-O-β-D-glucopyranoside 138, were isolated
from grape Vitis vinifera cell cultures (158). The structures and
stereochemistry of the new compounds were determined on the
basis of spectroscopic data analysis. Compounds 137 and 138
are dimers that belong to a new type of oligostilbene formed
from a resveratrol unit and a resveratrol glucoside unit. Com-
pound 137 exhibited nonspecific inhibitory activity against cy-
clooxygenase-I and -II, with an IC50 value of 5 µM.

The genus Gnetum (Gnetaceae) is known to contain abun-
dant stilbene derivatives that have interesting biological activi-
ties, such as inducing apoptosis in colon cancer (159) and re-
ducing blood sugar (160), revealing the importance of plants

containing stilbenoids as resources for the development of new
drugs. The new stilbene glucosides gnemonosides F 139, G
140, H 141, I 142, and J 143 were isolated from the liana stems
of Gnetum gnemonoides and Gnetum africanum, along with
nine known stilbenoids (161). Other stilbene derivatives,
gnemonols K and L (resveratrol trimers), M (isorhapontigenin
dimer), and gnemonoside K (glucoside of resveratrol trimer,
cis-144 and trans-145 isomers), together with known stil-
benoids and a lignan, were isolated from the methanol-soluble
parts of the root of Gnetum gnemon (Gnetaceae). The antioxi-
dant activity of the nonglycoside stilbenoids on lipid peroxide
inhibition and superoxide scavenging activity were reported
previously (162).

Two dimeric stilbene glycosides, 146 and 147, were isolated
from the root of Polygonum cuspidatum (163). One of these
glycosides 147, possesses a novel four-membered ring. Both
compounds exhibited strong inhibition of lipid peroxidation
but showed no cytotoxic DNA-cleavage activities and no inhi-
bition of protein tyrosine phosphatase 1B.

New glycosides of the stilbene trimers foeniculosides I 148,
II 149, III 150, and IV 151 were isolated from Foeniculum fruc-
tus (seed of F. vulgare), along with the known stilbene trimers
miyabenol C and cis-miyabenol C (164).

The rare, naturally occurring stilbene glycoside sulfates
152–161 were isolated from an aquatic extract of the root of P.
cuspidatum (165).
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A lowland forest tree, Upuna borneensis (Dipterocarpaceae),
is a monotypic genus distributed in Malaysia (Borneo, includ-
ing Sabah, Sarawak, and Brunei) (166). Four new stilbene glu-
cosides, upunosides A 162, B 165, C 166, and D 167, were iso-
lated from the stem of U. borneensis (Dipterocarpaceae), to-
gether with three known glucosides, vaticaside B 163,
vaticaside C 164, and paucifloroside A 168. Upunoside A 162
is the first natural instance of a glucoside of a resveratrol pen-
tamer, and its aglycone has a dibenzo-fused bicyclo[5.3.0]octa-
diene and two dihydrobenzofuran moieties (167).

PHENYLETHANOID GLYCOSIDES

Phenylethanoid glycosides are a group of water-soluble natural
compounds widely distributed in medicinal plants but also
found in other plant species (168–170). Structurally, these
metabolites are characterized by benzoic acid derivatives and
phenylethyl moieties attached to a β-glucopyranose (apiose,
galactose, rhamnose, or xylose) through ester and glycosidic
linkages, respectively. More recently, phenylethanoid deriva-
tives attached by an ether and/or ester bond to iridoid gluco-
sides have been found. Phenylethanoid glycosides have been
isolated from the aerial parts, leaves, stems, fruit, flowers,
roots, and bark of plants or the whole plant; they have been
found in the plant families Acanthaceae, Alangiaceae, Aster-
aceae, Berberidaceae, Bignoniaceae, Buddejaceae, Crassu-
laceae, Lamiaceae, Magnoliaceae, Oleaceae, Orobanchaceae,
Plantaginaceae, Scrophulariaceae, and Verbenaceae (170).

Phenethyl β-D-glucopyranoside 169 and phenethyl β-D-
galactopyranoside 170 are simple among the identified
phenylethanoid glycosides. Phenethyl β-D-glucopyranoside
169 was found in the flowers of Rosa gallica (171), and 170
was obtained by fermentation of phenethyl alcohol and the β-
galactosidase of E. coli (172). Calceolarioside A 171 and B 172
were isolated from the aerial parts of Calceolaria hypericina
(173). Calceolarioside B 172 and osmanthuside E 173 were
isolated from the aerial parts of Scutellaria galericulata (Lami-
aceae) and showed antimicrobial activity against two gram-
positive bacteria, two gram-negative bacteria, and three yeast-
like fungi. Among the glycosides, only calceolarioside B 172
and martynoside seemed to possess antifungal activity; both
had high MIC values except against the C. albicans strain
(174). Plantainosides A–F 174–179 were isolated from an
aqueous extract of the whole plant Plantago asiatica, together
with eight known phenylethanoid glycosides (175), and the
phenylethanoid glycosides 174 and 175 showed antioxidant ac-
tivity. Calceolarioside A 171, plantainoside A 174, and
forsythoside A 180 were isolated from Forsythia suspense
(176). Compounds 171 and 174 were isolated from the genus
for the first time, and compound 180 showed immune-enhanc-
ing activity in mice (176). Scroside D 181 was isolated from
the roots of Picrorhiza scrophulariiflora (Scrophulariaceae)
(177) and also showed antioxidant activity.

Acteoside 182 (also known as kusaginin, NSC 603831, TJC
160, and verbascoside) is a very active phenylethanoid glyco-
side that has been isolated from many plant species (170).
Acteoside 182 and isoacteoside 183 (isoverbascoside) were
isolated from the southwestern Indian paintbrush, Castilleja
linariaefolia (178). The extracts displayed in vivo activity
against murine P-388 lymphocytic leukemia (178), and the
pure glycosides acteoside 182 (ED50 2.6 µg/mL) and isoacteo-
side 183 (ED50 10 µg/mL) showed high cytotoxic activity
against the murine P-388  cell line. Acteoside 182 and angoro-
side A 184 showed strong anti-inflammatory activity in vitro
(179). Acteoside 182 reduced the risk of atherosclerosis, not
only by protecting LDL from oxidative modification but also
by its free radical-scavenging properties (180); it also inhibited
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human leukocyte elastase (181) and lipopolysaccharide-in-
ducible nitric oxide synthase in vitro (182). Acteoside 182 in-
hibited the telomerase activity (12.5–27 mg/mL) of the human
gastric adenocarcinoma cell MKN45 (183). Acteoside 182 and
isoacteoside 183 showed antiproliferative activities against
B16F10 cells [acteoside, GI50 (concentration needed to reduce
the growth of treated cells to half that of untreated cells) 8 µM;
isoacteoside, GI50 8 µM] and their methanolysis products
(methyl caffeate GI50 26 µM; 3,4-dihydroxyphenethyl alcohol
GI50 8 µM; 3,4-dihydroxyphenethyl glucoside GI50 10 µM;
desrhamnosyl acteoside GI50 6 µM; and desrhamnosyl
isoacteoside GI50 6 µM), suggesting that the 3,4-dihydroxy-
phenethyl alcohol group might be more responsible for the ac-
tivities of acteoside and isoacteoside than the caffeoyl group
(184). Acteoside showed no apparent effect on the marked ele-
vation of serum tumor necrosis factor α (TNF-α), but it par-
tially prevented in vitro TNF-α-induced cell death (100 ng/mL)
in D-galactoseamine (D-GalN)-sensitized hepatocytes (0.5
mM) at concentrations of 50, 100, and 200 µM. These results
indicated that D-GalN/lipopolysaccharide (LPS)-induced he-
patic apoptosis can be blocked by an exogenous antioxidant,
suggesting the involvement of reactive oxygen intermediates
in TNF-α-dependent hepatic apoptosis (185). Acteosides also
showed an inhibitory effect on histamine- and bradykinin-in-
duced contractions of guinea pig ileum (186). Campneoside I
185 and II 186 were isolated from a butanol extract of Paulow-
nia tomentosa stems and showed antibacterial activity against
S. aureus (SG511, 285, and 503), Streptococcus pyogenes
(A308 and A77), and Streptococcus faecium MD8b (187). The
most active compound of the extract was identified as camp-
neoside I 185, which had an MIC value of 150 µg/mL against
Streptococcus and Staphylococcus species. From such antibac-
terial activity, the methoxy group of campneoside I was postu-
lated to be the essential element for the antibacterial activity
(187). The protective effect of campneoside II 185, isolated
from Cistanche tubulosa, on the apoptosis of neurons induced
by the neurotoxin 1-methyl-4-phenylpyridinium ion (MPP+)
was reported (188).

A series of biologically active phenylethanoid trisaccharides
with α-L-rhamnose attached to the C-6′ of glucose 187–197
have been isolated from some Mussatia species (189–192).
Mussatiosides I 188, II 190, and III 193 showed inhibitory ac-
tion on ADP-induced rat platelet aggregation (192). The order
of activity was: 188 > 190 > 193. This antiplatelet effect is
likely related to the reported inhibition of cAMP-phosphodi-
esterase.

Two new phenylethanoid glycosides with cytotoxic activity,
1-O-3,4-dimethoxy-phenylethyl-4-O-3,4-dimethoxy cinnamoyl-
6-O-cinnamoyl-β-D-glucopyranose 198 and 1-O-3,4-dimeth-
oxyphenylethyl-4-O-3,4-dimethoxy cinnamoyl-β-D-glucopy-
ranose 199, have been isolated from the acetone extract of
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Psidium guaijava seeds (193). The biological assay of an ace-
tone extract and two isolated compounds showed that the ex-
tract had moderate inhibitory activity against both Ehrlich as-
cites carcinoma (EAC) cells and leukemia P-388 (180% and
ED50 1/4 14:6), whereas the two new isolated compounds 198
and 199 showed high inhibitory activity against EAC (220 and
240%) and low activity against leukemia P-388 (ED50 1/4 17:3
and 16:1).

Types of phenylethanoid glycosides linked with iridoids or
secoiridoid glucosides have been isolated from plants.
Oleoacteoside 200 was isolated from Syringa reticulata
(194,195), Jasminum polyanthum (196,197), and Picconia ex-
celsa (198). Oleoechinacoside 201 was isolated from S. reticu-
lata (194), and nuzhenide 202 was isolated from the leaves of
S. reticulata (199). The esterglucoside 203 was found in Ligus-
trum japonicum (200). The unusual polyglucosidic metabolite
204 was isolated from embryos of the American ash (Fraxinus
americana) (201).

Phenylethanoid derivatives attached by ether and/or ester
bonds with iridoid and/or secoiridoid glucosides have been iso-
lated from the Oleaceae family (202). A new secoiridoid glyco-
side named hiiragilide 205 was isolated from the leaves of Os-
manthus ilicifolius (203). Oleuroside 206 was isolated from
Olea europaea (204) and from tissues of the novel olive culti-
var Hardy’s Mammoth (205,206). The antiviral activity of olive
leaf extract (OLE), containing oleuroside 206, hydroxytyrosol,
oleuropein, and verbascoside, was reported recently (207). Also,
OLE was shown to inhibit acute infection and cell-to-cell trans-
mission of HIV-1, as assayed by syncytia formation using unin-
fected MT2 cells co-cultured with HIV-1-infected H9 T-lym-
phocytes. OLE also inhibited HIV-1 replication, as assayed by
the expression of p24 in infected H9 cells. These anti-HIV ef-
fects of OLE are dose dependent, with an EC50 of 0.2 µg/mL
(207). 10-Acetoxyligstroside 207 and 10-acetoxy-oleuropein
208 were found in an extract of the bark of Osmanthus asiati-
cus (208). Ligustaloside A 209 and ligustaloside B 210 were
isolated from the leaves of Ligustrum lucidum (Oleaceae) (209)
and Ligustrum vulgare (210). Kikuchi and Yamauchi (211)
found a corresponding pair of compounds, ligstrosidic acid 211
and oleuropeinic acid 212, in the fruit of Ligustrum japonica
and L. lucidum. Ligstroside 213 and the cytotoxic compound
oleuropein 214 were isolated from the stem bark of Syringa ve-
lutina (212). Oleuropein 214 showed the most potent cytotoxic
effect on several tumor cell lines (P-388, L-1210, SNU-5, and
HL-60) among eight isolated compounds. Three new secoiri-
doid glucosides, jasamplexosides A 215, B 216, and C (like B,
but with the additional part of a secoiridoid glucoside; structure
not shown), were isolated from the crude drug niu du teng, the
leaves and stems of Jasminum amplexicaule (213). An unusual
cyclic secoiridoid glucoside, insularoside 217, was isolated
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from Fraxinus insularis (214), and fraxuhdoside 218 was iso-
lated from the bark of Fraxinus uhdei (215).

A minor iridoid named austromoside 219 was found in Os-
manthus austrocaledonica (216), and fraxiformoside 220 was
isolated from Fraxinus formosana (217) and Fraxinus malaco-
phylla (218). Framoside 221, which has anti-inflammatory ac-
tivity, was isolated from Fraxinus species (219); neooleuropein
222 was isolated from Fraxinus chinensis (220); and fraximala-
coside 223 was isolated from F. malacophylla (218). Lilaco-
side 224 and fliederoside 225 were isolated from Syringa vul-
garis (221). In 1970, syringopicroside 226 was isolated from S.
vulgaris (222) and more recently was found in many Syringa
species (223). A unique series of seven-membered lactones ex-
emplified by jasmolactone C 227 and D 228 were isolated from
the aerial part of Jasminum multiflorum (224,225). The struc-
tures of these compounds, which contain a novel bicyclic 2-
oxo-oxepano[4,5-c]pyran ring system, were tested for pharmaco-
logical activity, and 227 and 228 were found to possess coro-
nary vasodilating and cardiotropic activities (224).

PHENYLPROPANOID GLYCOSIDES

Phenylpropanoids and phenylethanoid glycosides are a large
class of water-soluble natural metabolites widely distributed in
plant species (226–231). Phenylpropanoids can conveniently
be treated as a group of aromatic compounds consisting of the
derivatives of phenylpropanols and/or benzoic acids (caffeic,
cinnamic, coumaric, ferulic, sinapic, and others), including
their glycosides (see also the Simple Aromatic Glycosides sec-
tion). More complex phenylpropanoid glycosides are com-
pounds based on phenylethanes (see the Phenylethanoid Gly-
cosides section). Phenylpropanoid compounds have a wide
array of important functions in plants. They serve in the inter-
action of plants with their biotic and abiotic environments, me-
diate certain aspects of plant growth and development, and are
important structural components of the secondary cell wall.
Phenylethanoid glycosides have been isolated from the aerial
parts of plants, leaves, stems, fruit, flowers, roots, bark, and/or
whole plant; they are found in the plant families Araliaceae,
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Bignoniaceae, Crassulaceae, Labiatae, Lamiaceae, Oleaceae,
Polygonaceae, Scrophulariaceae, Smilacaceae, Verbenaceae,
and several others.

The natural phenylpropanoid glycosides isolated from plants
showed activities such as being antitumoral, antiviral, anti-inflam-
matory, antibacterial, antiatherosclerotic, antiplatelet aggrega-
tional, antihypertensive, antifatigue, analgesic, hepatoprotective,
immunosuppressive, protective of sex and learning behavior, pro-
tective of neurodegeneration, reverse transformative of tumor
cells, inhibitive of telomerase and capable of shortening the
telomere length in tumor cells, having effects on enzymes and cy-
tokines, antioxidative, free radical scavenging, and quickly re-
pairing oxidatively damaged DNA, among others (227).

Simple phenylpropanoid glycosides such as rosin 229,
rosavin 230, rosarin 231, triandrin 232, and vimalin 233 have
been isolated from different plant species belonging to the
Crassulacea, Liliaceae, and Salicaceae families (226,227). The
biologically active substances rosin 229, rosavin 230, rosarin
231, and tyrosol, which are mainly found in plant rhizomes,
have demonstrated therapeutic effects (232). These active com-
ponents affected the central nervous system by increasing the
ability to concentrate and mental and physical power; they
were efficient in improving asthenic states and the general re-
sistance of the cells and the organism against harmful outer in-
fluences. They also prevented the heart system from stress and
arrhythmias, and they possessed some antioxidant activities.
Some data confirm that the Rhodiola rosea preparations
stopped the growth of malignant tumors and metastases in the
liver (232). Rosin 229, rosarin 231, rosavin 231, and rosiridin
isolated from R. rosea showed neurotropic activity in mice
(233). Citrusin A 234, B 235, C 236, D 237, E 238, and F 239
have been isolated from citrus fruit peels, e.g., from the lemon,
unshiu, and kinkan (234,235), and after in vivo injection of the
compounds indicated above into stroke-prone spontaneously
hypotensive rats, they were found to lower the blood pressure
(236,237).

A new phenylpropanoid glycoside, crenatoside 240, as well
as the known phenylpropanoid, acteoside 182, have been iso-
lated from the aerial parts of Orobanche crenata (238). Two new
phenylpropanoid glycosides, junipercomnoside E 241 and F 242,
were isolated from the aerial parts of Juniperus communis var.
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depressa (239); betuloside 243 was isolated from Betula alba
(240); and cistanoside F 244 was isolated from the stem bark of
Acanthopanax trifoliatus (241).

LIGNAN GLYCOSIDES

Lignans are natural bis-phenylpropanoids having a large spec-
trum of biological activities, and they are widely distributed in
the plant kingdom. They are present in small amounts in most
unrefined grains such as barley, buckwheat, millet, and oats;
legumes such as soybeans; and some vegetables (242–244).
Sometimes lignans are referred to as phytoestrogens. However,
this term is misleading, as it suggests that lignans may act just
like the hormone estrogen in the body. The richest source of
lignans is flaxseed, which contains high levels of the lignan
precursor secoisolariciresinol diglycoside 245 (SDG). Plant
lignans are polyphenolic substances derived from phenylala-
nine via the dimerization of substituted cinnamic alcohols
(242). Mammalian lignans are lignans derived from plant lig-
nans. For example, following ingestion, SDG is converted to
the aglycone secoisolariciresinol, which is then metabolized to
the mammalian lignans enterolactone and enterodiol (245).
Most of the effects of oral SDG are mediated by enterolactone
and enterodiol (246). SDG has estrogenic and antioxidant ac-
tivities, and also has antitumor, antiestrogenic, anticarcino-
genic, antiatherogenic, and antidiabetic activities (247–249).
Similar structures have the glycosides (−)-secoisolariciresinol-
O-α-L-rhamnopyranoside 93 (105) and (+)-secoisolariciresinol
9-O-β-D-xylopyranoside 246 (isolated from the leaves of Lau-
rus nobilis) (250). The underground parts of Glehnia littoralis
(Umbelliferae) contain two new lignan glycosides named
glehlinosides A 247 and B 248 (251).

Styraxlignolides C 249, D250, E 251, and F 252, butyrolac-
tone lignan glucosides with antioxidant activity, were isolated

from the stem bark of Styrax japonica (252). Styraxlignolides
C 249, D 250, and E 251 exhibited weak radical-scavenging
activity in the 1,1-diphenyl-2-picrylhydrazyl assay, with IC50
values of 380, 278, and 194 µM, respectively.

Lignans having a diarylhydroxybutyrolactone skeleton, i.e.,
nortrachelogenin 8′-O-β-D-glucopyranoside 253, nortrachelo-
genin 5′-C-β-D-glucopyranoside 254, and nortracheloside 255,
were found in a water-soluble extract of the leaves and stems
of Trachelospermum jasminoides (253).

The root of Strobilanthes cusia (Acanthaceae), popularly
known as da-ching-yeh, has commonly been used in traditional
Chinese medicine. It is used to treat influenza, epidemic cere-
brospinal meningitis, encephalitis B, viral pneumonia, mumps,
and severe acute respiratory syndrome. A new lignan glyco-
side, 256, and the known (+)-9-O-β-D-glucopyranosyl ly-
oniresinol 257 were found in S. cusia roots. The isolated com-
pounds 256 and 257 were examined for anti-herpes simplex
virus type-1 activity and showed moderate activity (253a).

Bonaspectin C 258 and bonaspectin D 259, isolated from
the aerial parts of Bonamia spectabilis (Convolvulaceae), led
to the isolation of four minor THF-type sesquilignans (254).
Bonaspectin C 4′′-O-glucoside 258, its aglycon, and
bonaspectin D 4′′-O-glucoside 259 revealed the highest an-
tiplasmodial activities against Plasmodium falciparum [IC50
values of 0.98 and 5.1 µM/mL (chloroquine-sensitive strain of
P. falciparum), and 1.3 and 2.9 µM/mL (chloroquine-resistant
clone of P. falciparum), respectively]. The cytotoxicity of 258
was estimated by a proliferation assay using the tetrazolium
salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide assay against human endothelial cells (ECV-304). A new
lignan glucoside, the first 7,9′-monoepoxytetrahydrofuran-type
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lignan, named tibeticoside 260, was isolated from the medici-
nal plant (roots, stems, and leaves) Lancea tibetica (255). Two
lignan diglucosides, 261 and 262, were identified from extracts
of germinated sesame seeds (256). The lignan glycoside arctiin
263 is widely distributed in the Compositae family and is used
as a chemotaxonomic marker for this family (257). This lignan
showed neuroprotective activity against glutamate-induced
toxicity in primary cultures of rat cortical cells (258).

The neolignan glucosides tortosides B 264, D 265, and E
266 were isolated from Pedicularis torta (259,260). The new
lariciresinol-based lignan bis-glucosides, 7S,8R,8′R-(−)-lari-
ciresinol-4,4′-bis-O-β-D-glucopyranoside 267 and 7S,8R,8′R-
(−)-5-methoxylariciresinol-4,4′-bis-O-β-D-glucopyranoside
268 were isolated from the n-butanol extract of Galium
sinaicum roots (261). The two lignan glucosides 267 and 268
were subjected to a cytotoxicity bioassay against the P-388
leukemia cell line, and the tested compounds exhibited weak
in vitro cytotoxic activity, with IC50 values of 100 and 42.0
µg/mL, respectively.

The new neolignan glycosides named dichotomosides A
269, B 270, C 271, and D 272 were isolated from a Chinese
natural medicine, the roots of Stellaria dichotoma var. lanceo-
lata (262). Among them, dichotomoside D 272 inhibited the

release of β-hexosaminidase (IC50 64 µM) as well as TNF-α
and interleukin-4 (IC50 16, 34 µM) in RBL-2H3 cells.
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A novel lignan glycoside, hibiscuside 273, which exhibited
good antioxidant activity and strongly inhibited lipid peroxida-
tion in rat liver microsomes, was isolated from the roots of Hi-
biscus species (263). Also, a new lignan named eleutheroside
E 274 was extracted from the stem bark of Acanthopanax trifo-
liatus (241). A water-soluble natural antioxidant, pinoresinol
glycoside 275, was isolated from sesame seeds (264).
Pinoresinol glycoside 275 prevented the oxidation of linoleic
acid in vitro in an aqeous solution and that of rabbit red cell
ghost membranes by tert-butyl hydroperoxide (264). A new
lignan, triglucoside 276, was isolated from sesame seeds; this
compound had branched (1→→2)- and (1→→6)-glucosidic link-
ages and showed antioxidative activity (265). A new furofuran
lignan from Lactuca indica, lactucaside 277, showed signifi-
cant antidiabetic activity (266). Coptis japonica (Ranuncu-
laceae) is known to possess several biological activities, such
as anti-inflammatory effects. Pinoresinol glycoside 275 and sy-
ringaresinol glycoside 278, which were isolated from the rhi-
zomes of C. japonica, were tested to evaluate their in vitro anti-
inflammatory effects. Pinoresinol glycoside 275 and isolari-
ciresinol showed higher inhibitory effects on TNF-α
production than syringaresinol glycoside 278, whereas sy-
ringaresinol glycoside 278 strongly suppressed lymphocyte
proliferation (267). For more information on lignans, neolig-
nans, and related compounds, readers are referred to several re-
view articles (242–244,268).
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GLYCOSIDES OF NAPHTHALENE DERIVATIVES

Naphthalene, the fused-ring aromatic hydrocarbon, was first
isolated by crystallization from the naphthalene fraction of coal
tar, which still remains its major source (269,270). It was also
found in combustion processes, including the combustion of
refuse, tobacco smoke, coal tar pitch fumes, and oil spills. Most
of the naphthalene derivatives found in nature are naphtho-
quinones, which may arise through the polyketide, terpenoid,
or shikimate pathways or a mixture of these (271,272).

The genus Rumex (Polygonaceae) is represented by 25
species in the flora of Turkey (273). The roots of R. patientia
are used as a purgative and tonic in traditional medicine, and
its leaves are commonly used as a green vegetable called
labada or develik. Nine Rumex species, including R. patientia,
have been attributed to the Chinese herbal medicine yangti,
which has been used as a hemostatic and antifungal agent. Two
new chlorinated naphthalene derivatives, patientosides A 279
and B 280, were isolated from the roots of R. patientia (274).
Daylily flowers are used as an important ingredient in tradi-
tional Asian cuisine and are also valued for their reputed medi-
cinal effects. A new naphthalene glycoside, stelladerol 281, has
been isolated from edible daylily (Hemerocallis) flowers (275).
This isolated compound was tested for antioxidant and cy-
clooxygenase inhibitory activities and was found to possess
strong antioxidant properties, inhibiting lipid oxidation by
94.6% (10 µM) in an in vitro assay. Also from this plant, three
new naphthalene glycosides, rumexoside 282, rumexoside 283,
and labadoside 284 were identified (276). A new naphthalene
glycoside, cassitoroside 285, was isolated from the seeds of
Cassia tora (277). One new naphthalene glycoside, 5-hydroxy-
dianellin 286, and a known naphthalene glycoside, dianellin
287, were isolated from roots of the daylily Hemerocallis fulva
‘Kwanzo’ Kaempfer (278). Diospyrosonaphthoside 288 was
isolated from an ethanolic extract of the stem bark of Diospy-
ros angustifolia (279), and plicataloside 289, an O,O-diglyco-
sylated naphthalene derivative, was isolated from Aloe pli-
catilis (280).

The twigs of Diospyros lycioides, a plant commonly known
as muthala, are frequently used as chewing sticks by the rural
and urban people in Namibia for cleaning the teeth. Studies
showed that a methanol extract of D. lycioides inhibited the
growth of selected oral pathogens. Subsequent bioassay-guided
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fractionation led to the isolation of four novel bioactive naph-
thalene glycosides, diospyrosides A 290, B 291, C 292, and D
293 (281). These compounds inhibited the growth of oral cari-
ogenic bacteria (Streptococcus mutans and Streptococcus san-
guis) and periodontal pathogens (Porphyromonas gingivalis
and Prevotella intermedia) at MIC values ranging from 0.019
to 1.25 mg/mL.

Lactonic 6-methoxysorigenin 8-O-β-D-glucopyranoside
294 was isolated from the cortex of Rhamnus catharticus (282),
and 295 was isolated from Rhamnus nakaharai (283). From the
leaves and pods of Cassia senna and C. angustifolia, the new
tinnevellin glucoside 296 was isolated (284). The monogluco-
side 297 and diglucoside 298 of 2-naphthalenecarboxylic acid
were isolated and characterized from the roots of Rubia ustu-
lata (285).

GLYCOSIDES OF ANTHRACENE DERIVATIVES

Glycosides of anthracene derivatives are widely distributed in
the plant kingdom, and many of them have shown anticancer,
antiviral, antimicrobial, and other biological activities
(286–290). Different anthracene glycosides have been isolated
from an aromatic bark called cassia (also known as cinnamon,
bastard cinnamon, Chinese cinnamon, Cassia lignea, cassia
bark, Cassia aromaticum, or Canton cassia). Over 400 species
of cassia are known. Most are indigenous to North, Central, and
South America and Africa, but they are now also found in the
tropical and subtropical regions of all continents except Eu-
rope. Some are native to South Asia, particularly India and
Ceylon, and are now widely cultivated in the tropics; others are
considered ornamental trees in southern Florida, the West In-
dies, and Central and South America. The dried unripe fruit, or
Chinese cassia buds, have the odor and taste of the bark and are
rather like small cloves in appearance. They have been known
as a spice in Europe since the Middle Ages and were probably
used in preparing a spiced wine called hippocras. Now they are
used in confectionery and in making potpourris.

Emodin is perhaps the most nearly ubiquitous natural an-
thraquinone, occurring in several higher plants, in fungi, and in
lichens. In higher plants, it is chiefly present in glycoconjugates.
Emodin and chrysophanol frequently occur together in plants
such as Cassia tora, Rumex japonicus, Rhamnus purshiana,
Polygonum multiflorum, and P. cuspidatum (291). Emodins 1-
O-299 and 3-O-300 were isolated from the Chinese cassia
species (292); 8-O-β-glucopyranoside 301 was isolated from C.
tora, R. japonicus, R. purshiana, P. multiflorum, and P. cuspida-
tum; and chrysophanol-8-O-β-glucoside 302 was found in R.
japonicus (291). Emodin (IC50 3.3 µM) is an inhibitor of the
growth factor-signaling enzyme phosphatidylinositol-3-kinase
(293). A rare sulfated emodin glucoside, emodin 8-O-β-D-glu-
copyranosyl-6-O-sulfate 303, was isolated from the roots of the
Nepalese medicinal plant Rheum emodi (294). Aloe-emodin
diglucoside 304 and aloe-emodin ω-O-β-D-glucopyranoside 305
were isolated from Chinese cassia species (292). Emodin 8-O-β-
glucopyranoside 301, chrysophanol-8-O-β-glucoside 302, and
rhein-8-β-D-glucoside 306, as well as sennoside A 307, were iso-
lated from Rheum palmatum and R. tanguticum (295). Senno-
side A 307, sennoside C 308, and sennoside E 309 were isolated
from R. palmatum and R. tanguticum species (295).
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Cascara sagrada is the common name for Rhamnus purshi-
ana (family Rhamnaceae), a short shrubby tree native to the
Pacific Northwest in the United States. The dried bark of this
tree, also called cascara sagrada, is the source of several an-
thraquinone laxative drugs, a class of laxatives used by many
people throughout the world (296). Dried cascara sagrada bark
contains approximately 7–10% hydroxyanthraquinone glyco-
sides (297,298). Hydroxyanthraquinone glycosides are hydrox-
yanthracene derivatives with hydroxyl groups at the C-1 and
C-8 positions and sugar groups at the hydroxyl groups (O-gly-
cosides) or at the C-10 position (C-glycosides) (296,299). Not
less than 60% of this 7–10% consists of cascarosides, ex-
pressed as cascaroside A 310. There are four forms of cascaro-
sides: A 310, B 312, C 311, and D 313. Cascarosides A 310 and
B 312 are diastereoisomers, as are cascarosides C 311 and D
313. Additional constituents of the dried cascara sagrada bark
are the diasteroisomers of barbaloin 314 and 316 and chrysa-
loin 315 and 317. Barbaloin stimulates the growth of Eubac-
terium species strain BAR (300). The anthraquinones emodin

299 and barbaloin 314 showed antiviral activity, but only
emodin was a virucidal agent (301). A new cytotoxic 10-epi-
uveoside, 318, was isolated from the root bark of Picramnia
antidesma (302), along with picramnioside E 319 and
mayoside B 320. One new anthraquinone glycoside, M-4′-
demethylknipholone-2′-O-β-D-glucopyranoside 321, was
found in the methanolic extract of the Australian medicinal
plant Bulbine capitata (303).

Doxorubicin 322, an anthraquinone glycoside, is currently one
of the clinically most important antineoplastic drugs. In pharma-
cokinetic studies of doxorubicin 322, capillary blood sampling
was recommended, especially for pediatric patients, to avoid the
sometimes traumatic venous blood sampling procedure (304). A
new anthraquinone glycoside, emodin-6-O-β-D-glucopyranoside
323, and the earlier isolated chrysophanol-8-O-β-glucoside 302,
together with seven known phenolic compounds, have been iso-
lated from the roots of Rumex patientia. The cytotoxic effects and
radical-scavenging properties of the isolated compounds have
been demonstrated (305). The medicinal plant Bulbine narcissi-
folia is used by the Basotho, Griqua, and Whites of southern
Africa for wound healing and as a mild purgative. Extraction of
the powered root has yielded acetosyringone, chrysophanol,
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knipholone, isoknipholone, 10,7′-bichrysophanol, and chrysa-
lodin in addition to two new anthraquinone glycosides,
knipholone-8-O-β-D-gentiobioside 324 and chrysalodin-10-β-D-
gentiobioside 325. NMR spectroscopy was used to elucidate the
structures of 324 and 325 and to show that 324 binds weakly to
DNA (306).

Frangulin A 326 (also known as emodin-L-rhamnoside,
franguloside, or rhamnoxanthin) was discovered in 1907 by
Tunman (307) in the bark of Rhamnus frangula (alder buck-
thorn); later, in 1909 the German chemist Schmidt (308), and
again in 1913 the Russian scientist Krasovskii (309) found the
compound in other Rhamnus species. More recently, biologi-
cally active frangulin A 326, frangulin B 327, glucofrangulin
A 328, and glucofrangulin B 329 have been isolated from
Rhamnus and Hypericum species (310–312). Emodin 299 and
frangulin B 326 showed significant antiplatelet effects (313);
frangulin B 326 also showed potent inhibitory effects on TNF-α
formation in LPS/interferon-γ-stimulated murine microglial
cell line N9 (314).

An angucycline series compound, P371 A1 330, from Strep-
tomyces sp. P371, was established as having a novel structure

comprising an ureido group at one of the four sugar units (315).
Compound 330 exhibited inhibitory activity against pentagas-
trin-stimulated acid secretion as well as protective activities
against HCl/ethanol- and indomethacin-induced gastric lesions.

The colored urdamycins A 331, B 332, C 333, D 334, E 335,
and F 336 are six new angucycline antibiotics produced from
the Streptomyces fradiae strain Tu 2717 (316,317). They are
biologically active against gram-positive bacteria and stem
cells of murine L1210 leukemia. The urdamycins are glyco-
sides and differ in their aglycones, which can be liberated by
acidic hydrolysis in addition to the sugars D-olivose and L-
rhodinose.
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The antibiotic landomycins A 337, B 338, C 339, D 340,
and E 341 are produced by species of streptomycetes
(318–320). Streptomycetes, which are the producers of differ-
ent polyketide antibiotics, can be divided into four groups
based on their sensitivity to landomycins A and E: (i) Strepto-
myces glaucescens Tu49, producer of tetracenomycin, and
Streptomyces aureofaciens 019, producer of chlortetracycline,
belong to the most landomycin-sensitive strains. (ii) Strepto-
myces cyanogenus S136, producer of landomycin A, and Strep-
tomyces lividans TK24, producer of actinorhodin, are sensitive
to mean and high doses of landomycin E (more than 60–80
µg/mL). (iii) Streptomyces globisporus 1912 (producer of lan-
domycin E), S. cyanogenus S136, S. fradiae Tu2717 (producer
of urdamycins), and Streptomyces coelicolor A3(2) (producer
of actinorhodin) have moderate sensitivity to all doses of both
antibiotics, but strain S136 is sensitive only to low doses. (iv)

Resistance to landomycins A and E was observed in strain
Streptomyces olivaceus Tu2353, producer of elloramycin. In
all these experiments, landomycin E showed lethal activity one
to two orders higher than landomycin A, whose molecule is
composed of the same aglycon landomycenone A but a longer
polysaccharide chain, which probably hampers the penetration
of the antibiotic through the cell membrane (319).

A derivative of anthraquinone glycoside, P-1894B 342, is a
potent prolyl hydroxylase inhibitor produced by Streptomyces
albogriseolus subspecies no. 1894; it inhibited 50% of the ac-
tivity of purified chick embryo prolyl hydroxylase at a concen-
tration of 2.2 × 10−6 M (321). The inhibition was noncompeti-
tive with respect to Pro-Pro-Gly, with a Ki (prolyl hydroxylase
activity, expressed in mol/mg protein) of 1.8 × 10−6 M. When
excess amounts of Fe2+ or ascorbate were added to the reaction
mixture, the inhibition was slightly reversed. Compound 342,
at a dose of 0.15 mg/kg, reduced the hydroxylation of peptidyl-
proline and caused a significant inhibition of collagen biosyn-
thesis in the uterus of the immature rat when stimulated by the
administration of 17-β-estradiol.

Biological activities, structures, and other information about
glycosides of the anthracene derivatives anthraquinones, an-
gucyclines, oxanthrones, anthranols, and anthrones can be
found in several review articles (322–326).
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SUMMARY

Aromatic natural products have been used for thousands of
years, and they are the basis of modern medicines. However,
the same yardstick used for modern medicines should not be
used to compare natural materials. Modern medicines work
very quickly, they are concentrated, they are single compo-
nents, the results are dramatic, and the risks of side effects are
very real. The last couple of decades has seen a tremendous in-
crease in interest in the biological properties of aromatic prod-
ucts as a means of identifying novel small compounds that
could have potential in clinical medicine. To that end, stilbenes,
lignans, naphthalene-like compounds, and anthracene-like
compounds have been of particular interest because of their
presence in diet constituents and because of the reported bene-
ficial effects on diverse biological processes and disease condi-
tions. The human diet contains an array of aromatic compounds
(phytochemicals) with antioxidant activities capable of coping
with reactive oxygen species, thus preventing oxidative stress.
Of all the different phenolics, lignans, which are alkylphenolic
compounds, constitute the largest class of polyphenols; they
have proved to be one of the most powerful antioxidants pres-
ent in the diet. The latest research has focused on understand-
ing the role played by these dietary metabolites in disease pre-
vention, suggesting a new role for “ancient” food items such as
tea, cocoa, grapes (wine), and natural oils as functional foods.

As far as the economic importance of plant aromatic com-
pounds is concerned, different types of medicinal plants are
used to treat various ailments pertaining to the nervous system,
circulatory system, neuromuscular system, skeletal system,
skin, and gastrointestinal system, and are used as immunosup-
pressives, in oral hygiene, and for the reproductive system.
Plant aromatics also find a use as antiviral agents, as metabolic
probes, in taxonomy, in genetics, in biotechnology, and in com-
merce.
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ABSTRACT: Phospholipase A2 (PLA2) activity was investigated
in various tissues of tobacco (Nicotiana tabacum). PLA2 activity
in the flower was 15 times higher than that in the leaf, stem, and
root. PLA2 activity in the flower appears to have originated from
both Ca2+-dependent and -independent PLA2. A cDNA clone for
protein with homology to animal secretory PLA2 (sPLA2), denoted
as Nt PLA2, was isolated from the tobacco flower. The cDNA of
Nt PLA2 encoded a mature protein of 127 amino acid residues
with a putative signal peptide of 30 residues. The amino acid se-
quence for mature Nt PLA2 contains 12 cysteines, a Ca2+ binding
loop, and a catalytic domain that are commonly conserved in an-
imal sPLA2. The Nt PLA2 mRNA was mainly expressed in the root
and stem of tobacco. The recombinant Nt PLA2 was expressed as
a fusion protein with thioredoxin in Escherichia coli. From the
bacterial cell lysate, the fusion protein was recovered in soluble
form and cleaved by Factor Xa proteinase. Then the recombinant
mature Nt PLA2 was purified by ion exchange chromatography.
It was discovered that the purified Nt PLA2 essentially requires
Ca2+, for the enzyme activity when the activity was determined
using mixed-micellar phospholipid substrates with sodium
cholate. The optimal activity of Nt PLA2 was at pH 8–10 when
PC was used as a substrate.

Paper no. L9753 in Lipids 40, 901–908 (September 2005).  

Phospholipase A2 (phosphatide 2-acylhydrolase, EC 3.1.1.4) cat-
alyzes the hydrolysis of a fatty acyl ester bond at the sn-2 posi-
tion of glycerophospholipids to liberate FFA and lysophospho-
lipids. In animals, PLA2 are recognized as a large superfamily of
distinct enzymes, based on MW, primary structure, Ca2+-depen-
dency, and cellular localization (1–5). Secretory PLA2 (sPLA2)
are known to be low molecular mass enzymes (13–18 kDa) with
five to eight disulfide bridges, Ca2+-dependency, and a broad
specificity for the phospholipid head group and FA (1). Animal
sPLA2 are classified into eight groups—I, II, III, V, IX, X, XII,
and XV—based on their primary structures (1,4,6–8). sPLA2 are
reportedly involved in various physiological and pathological
functions including lipid digestion, cell proliferation, and an-
tibacterial defense (1,2,9). Two types of high-MW PLA2 exist in

animals. One is termed cytosolic PLA2 (cPLA2), based on its dis-
tribution in the cytosol of cells (9,10). cPLA2 respond to various
hormonal stimuli and are activated by submicromolar Ca2+ and
phosphorylation by mitogen-activated protein kinase. The other
does not require Ca2+ for its enzymatic activity. This Ca2+-inde-
pendent PLA2, referred to as iPLA2, has a function in the remod-
eling of FA composition of phospholipids and can also be acti-
vated by stimuli (11).

In plants, several studies on PLA2 have been reported using
the crude preparations (12–14). The products generated by
PLA2 have also been shown to stimulate several plasma mem-
brane enzymes, such as H+-ATPase and protein kinase. These
enzymes have been proposed to be involved in signal transduc-
tion. It has been suggested that the PLA2 is associated with sig-
nal transduction involved in cell growth, wounding response,
cell elongation, and shoot gravitropism via auxin-related signal
transduction, as well as lipid metabolism (15–19). Recently, a
putative sPLA2, which is similar to animal sPLA2, has been pu-
rified from elm (Ulmus glabra) (20). Rice (Oryza sativa)
sPLA2 also has been partially purified (21). The cDNA for pu-
tative sPLA2 have been cloned from rice, carnation (Dianthus
caryophyllus L. cv. Degio) and Arabidopsis (A. thaliana)
(19,21–23). The analysis of silenced or overexpressed sPLA2
from transgenic Arabidopsis suggested that sPLA2 is related to
cell elongation and shoot gravitropism (19). At present, plant
sPLA2 have been classified into groups XIA and XIB, based
on their primary structures (1). However, little is known about
the physiological role of plant sPLA2, in contrast to many re-
ports on the functions of animal sPLA2 (24,25).

In this study, we investigated the distribution of PLA2 activ-
ity in various tissues of tobacco and found a high PLA2 activ-
ity in the flower. We also isolated a full-length cDNA clone for
sPLA2, named Nt PLA2, and examined its expression in to-
bacco tissues. Furthermore, we characterized the enzymatic
properties of the recombinant Nt PLA2.

MATERIALS AND METHODS

Materials. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanol-
amine (POPE), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
glycerol (POPG) were purchased from Avanti Polar Lipids, Inc
(Birmingham, AL). Sodium cholate was obtained from Fu-
nakoshi Co., Ltd (Tokyo, Japan). The POROS HS/M cation-ex-
change column and Cosmosil 5C18 column were from PerSep-
tive Biosystems (Framingham, MA) and Nacalai Tesque (Kyoto,
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Japan), respectively. Isopropyl-1-thio-β-D-galactopyranoside
(IPTG) and ampicillin were purchased from Wako Pure Chemi-
cals (Osaka, Japan), Factor Xa proteinase was from Promega
(Madison, WI), and pET32a and BL21(DE3) were from No-
vagen (Madison, WI). The DC Protein assay kit was obtained
from Bio-Rad Laboratories (Hercules, CA)

Plant materials. Tobacco (Nicotiana tabacum L. cv. SR-1)
plants were grown at 28°C in light/dark (16 h/8 h) in the green
house.

Preparation of crude extract from tobacco tissues. Tobacco
tissues were homogenized in extraction buffer (20 mM Tris-
HCl, pH 8.0, 1 M KCl, and 2 mM EDTA) and centrifuged at
10,000 × g for 5 min. The resulting supernatant was used as a
crude extract for determination of PLA2 activity.

Standard assay for PLA2 activity. PLA2 activity was deter-
mined as described previously (26–29). The standard incuba-
tion systems (100 µL) for the assay of PLA2 activity contain 2
mM POPC, 8 mM sodium cholate, 100 mM NaCl, 10 mM
CaCl2, and 50 mM Tris-HCl (pH 8.0). The reaction was car-
ried out at 37°C for 60 min. Oleic acid released by PLA2 ac-
tion was labeled with 9-anthryldiazomethane, and the deriva-
tized FA was separated by RP-HPLC using a Cosmosil 5C18
column (4.6 × 100 mm) with acetonitrile as solvent at a flow
rate of 1 mL per min. The oleic acid was quantified by moni-
toring with a spectrofluorometer using heptadecanoic acid as
an internal standard. One unit (U) was defined as the liberation
of 1 µmol FFA (oleic acid) per min. Each experiment was per-
formed two times and the results presented are the means.

RT (reverse transcription)-PCR. Total RNA was isolated
from tobacco flowers with acid guanidinium thiocyanate-phe-
nol-chloroform (AGPC) method (30). Total RNA (3 µg) was re-
verse-transcribed by using PowerScript Reverse Transcriptase
(BD Biosciences Clontech, Tokyo, Japan) and oligo-dT primer,
5′-ATGACGAATTCGCACGGGCTTCCTCGAGTTTT-
TTTTTTT-TTTTTT-3′. PCR was carried out for 40 cycles of 30
s at 95°C for denaturation, 30 s at 60°C for annealing, and 60 s
at 72°C for polymerization, using a forward primer, T2 (5′-AA-
GAATGCAGTAGAACATGTGAATC-3′), designed according
to a partial amino acid sequence (Phe12–Arg20) of potato puta-
tive sPLA2 (GeneBank Accession No. BM406320), and a re-
verse primer, 5′-ATGACGAATTCGCACGGG-3′. An aliquot of
the primary PCR product was used in secondary PCR with T2
and a reverse primer, 5′-CGCACGGGCTTCCTCGAG-3′. The
secondary PCR was carried out under the same conditions as the
primary PCR, except for annealing at 55°C. The PCR product
was subcloned into pGEM-T Easy vector (Promega) and trans-
formed into XL-1 Blue cell, and the positive clone was selected
according to the manufacturer’s protocol. Plasmid DNA was pu-
rified from the positive clone with QIAprep Spin Miniprep Kit
(Qiagen, Tokyo, Japan) and sequenced by ABI 373A sequencer
(Applied Biosystems, Foster City, CA) using the DYEnamic ET
Terminator Cycle Sequencing Kit (Amersham Biosciences, Pis-
cataway, NJ), according to the manufacturer’s protocol. A pro-
tein encoded by the cDNA was named as Nt PLA2.

RACE (rapid amplification of cDNA ends)-PCR. Adaptor-lig-
ated double-stranded cDNA were synthesized using Marathon

cDNA Amplification Kit (BD Biosciences Clontech) according
to the manufacturer’s instruction. For the 5′-end of Nt PLA2
cDNA, PCR was carried out for 40 cycles of 30 s at 95°C, 30 s
at 63°C, and 60 s at 72°C with a reverse gene-specific primer, 5′-
GAGCTCCTGATTTCGTGAACGTAG-3′ and a forward
primer, 5′-CCATCCTAATACGACTCACTATAGG-GC-3′. An
aliquot of the primary PCR product was used in secondary PCR
with a reverse gene-specific primer, 5′-CCCTGGACATC-
CACTGTATAGAAC-3′and a forward primer, 5′-ACTCAC-
TATAGGGCTCGAGCGGC-3′. The PCR was performed under
the same conditions as the primary PCR. A unique band obtained
by the RACE was subcloned into pGEM-T Easy vector as de-
scribed above.

RNA extraction and RT-PCR. Total RNA was isolated from
the flower, leaf, stem, and root of tobacco with the AGPC
method as described above and treated with DNase I (Takara,
Tokyo, Japan). Total RNA (500 ng) was reverse-transcribed by
using ReverTraAce (Toyobo, Osaka, Japan) and oligo-dT
primer. PCR was carried out for 40 cycles of 60 s at 95°C for
denaturation, 30 s at 60°C for annealing, and at 72°C for poly-
merization, using gene-specific primers. A pair of primers (5′-
CGGAAT-TCTTTTGTGCAGTTCCTCCATTC-3′ and 5′-
CGGGATCCTCAGCCAGAATGACAATGGTA-3′) for Nt
PLA2 was used to amplify a 461 bp fragment. The primers for
the actin gene (Acc. No. AB158612) as an internal control were
5′-TGCAGATCGTATGAGCAAGG-3′ and 5′-GTGGA-
CAATGGAAGGACCAG-3′ for amplifying the 181 bp frag-
ment. The reaction products were electrophoresed on a 1%
agarose gel.

Expression and purification of recombinant Nt PLA2. The
cDNA encoding mature protein of Nt PLA2 was subcloned into
an expression vector pET32a, and Escherichia coli BL21
(DE3) was transformed with the chimera plasmid. Four hun-
dred milliliters of LB medium containing 1% tryptone peptone,
0.5% yeast extract, 0.5% NaCl, and 50 µg/mL ampicillin were
inoculated with 4 mL of overnight culture from a transformed
single colony. The cells were grown at 30°C. When the ab-
sorbance of the culture at 600 nm reached 0.5, the recombinant
protein was expressed by induction with 0.1 mM IPTG for 3 h
at 30°C. Cells were harvested at 3000 × g for 5 min and frozen
at −20°C. The cells were resuspended in 15 mL of a buffer con-
taining 20 mM Tris-HCl (pH 8.0) and 2 mM EDTA. The cells
were lysed by adding 6 mL of 1 N NaOH and neutralized with
1 N HCl. The lysate was centrifuged at 8000 × g for 30 min at
4°C, and the resulting cell extract was dialyzed against 2 L of
20 mM Tris-HCl (pH 7.0). The dialysate was digested with
Factor Xa proteinase for 90 min at 37°C (the ratio of Factor Xa
proteinase to protein was 1:1000), and loaded on a POROS
HS/M cation-exchange column (4.6 × 100 mm; PerSeptive
Biosystems) at a flow rate of 2 mL/min, which was equilibrated
with 20 mM MES-NaOH (pH 6.0). The protein was eluted with
a linear gradient of NaCl. The active fractions were pooled and
stored at −40°C.

SDS-PAGE. SDS-PAGE was carried out by using a 16% poly-
acrylamide gel in the presence of 2-mercaptoethanol, and the pro-
teins were visualized with Coomassie brilliant blue staining.
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RESULTS AND DISCUSSION

Distribution of PLA2 activity in the various tissues of tobacco.
The crude extracts were prepared from the various tissues of
tobacco, and PLA2 activity in the extract was measured using
the mixed-micellar POPC substrate with sodium cholate. As
shown in Table 1, PLA2 activity was extremely high in the
flower, followed by the root, but it was hardly detected in the
leaf and stem. Animal PLA2 are divided into two types, based
on their Ca2+ dependency (1–5). Thus, we next investigated the
effect of EDTA on the PLA2 activity in the various tissues. The
PLA2 activities in the root, leaf, and stem were almost com-
pletely inhibited by the addition of 1 mM EDTA. However, ap-
proximately one-third of the PLA2 activity in the flower still
remained even in the presence of 20 mM EDTA. The results
suggest that two types of PLA2, Ca2+-dependent and -indepen-
dent PLA2, exist in the tobacco flower. It has been reported that
the expression of AtPLA IVC, which is a member of patatin-
like PLA2 in Arabidopsis, was observed in the flower (31). The
patatin-like PLA2 is homologous to animal Ca2+-independent
PLA2. Therefore, the Ca2+-independent PLA2 activity in the
tobacco flower may be derived from patatin-like PLA2. In elm,

sPLA2 has been purified from developing seed and requires
Ca2+ for the enzyme activity (20). Furthermore, a cDNA clone
of sPLA2 with homology to elm sPLA2 has been isolated from
the carnation flower (22). Accordingly, almost two-thirds of the
PLA2 activity in the flower appears to be derived from the
sPLA2 that needs Ca2+ for the enzyme activity.

Isolation of the cDNA clone for Nt PLA2. Since high Ca2+-
dependent PLA2 activity was detected in the tobacco flower,
we tried to isolate cDNA for sPLA2 from the flower. The
primer for PCR was designed based on the amino acid se-
quence of potato sPLA2. RT-PCR was performed with total
RNA prepared from the tobacco flower. A partial cDNA frag-
ment that encodes putative sPLA2 in tobacco was isolated.
Based on the sequence information, a gene-specific primer for
5′-RACE was designed to yield a full-length cDNA. Sequence
analysis indicates that the nucleotide sequence of Nt PLA2
cDNA includes a 471 bp open reading frame (Accession No.
AB190178). The calculated molecular mass and pI value of Nt
PLA2 were 17,054 Da and 8.57, respectively. The hydropathy
profile suggests that the N-terminal amino acid sequence of Nt
PLA2 includes the signal sequence. As shown in Figure 1, Sig-
nalP computer analysis (32) for the potential cleavage positions

SECRETORY PHOSPHOLIPASE A2 IN TOBACCO 903

Lipids, Vol. 40, no. 9 (2005)

TABLE 1
Distribution of Phospholipase A2 (PLA2) Activity in the Various Tissues of Tobaccoa

PLA2 activity (mU/mg tissue)

EDTA
Tissues 10 mM CaCl2 1 mM 10 mM 20 mM

Flower 0.328 0.158 0.096 0.105
Leaf 0.004 ND NT NT
Stem 0.002 ND NT NT
Root 0.022 0.002 NT NT
aThe reaction mixture consisted of 50 mM Tris-HCl (pH 8.0), 2 mM 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine, 8 mM sodium cholate, 10 mM CaCl2, and 0.1 M NaCl in a final volume of 0.1
mL. Data were obtaind in duplicate. EDTA was added to remove the effect of Ca2+. ND, not de-
tected; NT, not tested.

FIG. 1. Alignment of amino acid sequences in signal sequences of tobacco Nt PLA2 with other
plant and animal sPLA2. The N-terminal signal sequences predicted by the SignalP program
are indicated by bold. Propeptide is shown in shadow. Dots indicate the conserved amino
acid residues identical to those of Nt PLA2. Nt PLA2, tobacco [Nicotiana tabacum] PLA2 (this
study, Acc. No. AB190178); Elm, elm PLA2 (20); Rice-II, rice Rice-II PLA2 (Acc. No. AJ238117);
Carnation, carnation PLA2 (Acc. No. AF064732); Rice-I, rice Rice-I PLA2 (Acc. No. AJ238116);
Rice2, ATb, Arabidopsis PLA2 beta (Acc. No. AF541915); ATd, Arabidopsis PLA2 delta (Acc.
No. AY148347); ATg, Arabidopsis PLA2 gamma (Acc. No. AY148346); nGIA, Naja naja atra
group IA sPLA2 (Acc. No. CAA54802); hIB, human group IB sPLA2 (Acc. No. NP_000928);
hIIA, human group IIA sPLA2 (Acc. No. NP_000291); hV, human group V sPLA2 (Acc. No.
NP_000920); hX, human group X sPLA2 (Acc. No. NP_003552). PLA2, phospholipase A2.



in the signal sequence suggests that Nt PLA2 contains 30
residues of signal sequence preceding the N-terminal amino
acid (Leu of position 49) of mature enzyme. The N-terminal
amino acid sequence between Leu49 and Cys66 of Nt PLA2
shows high similarity (68%) with that of mature elm sPLA2
protein purified and determined with protein sequencer (20).
Thus, the N-terminal amino acid (Leu49) of mature Nt PLA2 is
also predicted by comparison with the N-terminal amino acid
sequences of elm sPLA2. An alignment of the amino acid se-
quence of mature Nt PLA2 with mature sPLA2 of various
plants and animals is shown in Figure 2. Animal sPLA2 con-
tain six absolutely conserved disulfide bonds (37–147, 39–59,
58–127, 65–120, 75–105, and 98–118, in Fig. 2), which play
an important role in the structural stability for the enzymatic
activity (1,4). They commonly contain the Ca2+-binding loop
(Tyr35–Gly45) and the catalytic domain (Asp56–Tyr66) re-
quired for the catalytic reaction. Furthermore, there are several
other conserved residues, Tyr66, Tyr87, and Asp121 among an-
imal sPLA2 (Fig. 2), which may be involved in hydrogen-bond-
ing network (9,33,34). Nt PLA2 contains 12 Cys residues,
which are well conserved among plant sPLA2. Only 7 of these
12 Cys residues in plant sPLA2 agree with those of animal
sPLA2. Thus, a folding of the plant sPLA2 may have a consid-
erable difference from that of animal sPLA2. However, the
number and position of Cys residues in plant sPLA2 are well
conserved among plant sPLA2. Thus, the Cys residues con-
tribute to the structural enzyme stability for the activity as well
as in animal sPLA2. In addition, the Ca2+-binding loop
(Tyr35–Gly45) and catalytic domain (Asp56–Ile/Val66) are
also highly conserved among plant sPLA2. A comparison of
the sequences of plant and animal sPLA2 shows that plant

sPLA2 have an insertion of four residues (position 47–50 in
Fig. 2) between the Ca2+-binding loop and the catalytic do-
main. Since the 4 amino acid residues among plant sPLA2 were
not found in animal sPLA2, the residues may be a unique se-
quence characteristic of plant sPLA2. Identities of amino acid
sequences among plant sPLA2 show that Nt PLA2 is highly
similar to elm, carnation, and rice (Rice-II) sPLA2 (51–68%)
and has a lower similarity to rice (Rice-I) and Arabidopsis
PLA2 (23–31%, Fig. 2). A phylogenetic tree was derived from
an alignment of the amino acid sequences between plant and
animal sPLA2, using the CLUSTAL W program (35) and Tree
view (36) (Fig. 3). This tree shows that plant sPLA2 are sepa-
rated into two subgroups, XIA PLA2 and XIB PLA2, accord-
ing to the classification of sPLA2 by Six and Dennis (1). Nt
PLA2 is considered to belong to group XIB, which contains
elm, carnation, and rice (Rice-II) sPLA2, while three Arabidop-
sis and rice (Rice-I) sPLA2 are classified to group XIA PLA2.

The mRNA expression of Nt PLA2 in tobacco tissues. It was
difficult to detect the transcripts by northern blotting. The
amount of the transcripts appears to be small in the tobacco tis-
sues. Thus, the expression of Nt PLA2 transcripts in various tis-
sues of tobacco was analyzed by RT-PCR. As shown in Figure
4, amplification of tobacco actin mRNA produced a band of
187 bp, providing a positive control. The intense signals of Nt
PLA2 transcripts were detected in root and stem, while there
was a low signal in the flower. As described above, high PLA2
activity was detected in the tobacco flower, but the expression
level of Nt PLA2 mRNA was low. This may indicate that Nt
PLA2 protein accumulates in the flower under normal condi-
tions. There is also another possibility that highly Ca2+-depen-
dent PLA2 activity in the flower, which is almost two-thirds of
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FIG. 2. Alignment of the amino acid sequences of tobacco Nt PLA2 with other plant and animal sPLA2. Sequences
of mature sPLA2 protein are shown. Dots indicate the conserved amino acid residues identical to those of Nt PLA2.
Residues identical among plant and animal sPLA2 are indicated by gray boxes. The Cys residues are indicated by
black boxes. The sequences corresponding to the Ca2+ binding loop and the catalytic domain of animal sPLA2 are
underlined. Sequence identity (%) of mature Nt PLA2 with plant and animal sPLA2 is indicated in the lower far right
of the table. sPLA2, secretory PLA2; for other abbreviations and accession numbers see Figure 1.



the PLA2 activity, is due to the coexistence of Nt PLA2 and
other PLA2 isozymes. In fact, both group XIA PLA2 (ATd in
Fig. 3) and group XIB PLA2 (ATb and ATg in Fig. 3) are coex-
pressed in the Arabidopsis flower (19,23). Furthermore, we iso-
lated a second tobacco PLA2 cDNA with homology to NtPLA2
cDNA (data not shown). We are now characterizing the prop-
erties of the second tobacco PLA2. It is necessary to investi-
gate the presence of Nt PLA2 protein and other PLA2 isozymes
in the flower to answer the above question.

Expression and purification of recombinant Nt PLA2. To
characterize the enzymatic properties of Nt PLA2, a cDNA re-
gion encoding the mature protein of Nt PLA2 was fused with a

sequence coding thioredoxin by a linker of a Factor Xa cleav-
age site (Ile-Glu-Gly-Arg). To obtain a recombinant Nt PLA2
in bacteria, the chimera plasmid was used to transform  E. coli
BL21 cells for protein expression. When the expression of the
recombinant Nt PLA2 in the transformed  E. coli BL21 cells
was induced by IPTG, a band derived from a fusion protein was
detected in whole-cell lysates on SDS-PAGE analysis. The fu-
sion protein of the recombinant Nt PLA2 was recovered in sol-
uble form, and the cell extract was dialyzed against 20 mM
Tris-HCl (pH 7.0). The recombinant Nt PLA2 was expressed
as a fusion protein with thioredoxin having the Factor Xa pro-
tease cleavage site adjacent to the N-terminal residue of the ma-
ture Nt PLA2. Thus, the fusion protein can be cleaved by Fac-
tor Xa protease. The fusion protein digested with Factor Xa
protease was applied to a POROS HS/M cation-exchange col-
umn. As the PLA2 activity was detected only in the peak indi-
cated by an inverted triangle in Figure 5A, the peak was pooled
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FIG. 3. A phylogenetic tree of various plant and animal sPLA2. For abbrevi-
ations and accession numbers see Figures 1 and 2. Nt PLA2 is boxed.

FIG. 4. Reverse transcription-PCR (RT-PCR) analysis for the tissue distrib-
ution of Nt PLA2. Five hundred nanograms of total RNA from leaf, root,
stem, and flower of tobacco were used as template for RT-PCR. The PCR
product was analyzed on a 1% agarose gel. The RT-PCR product for actin
was also analyzed as a control. For other abbreviation see Figure 1.

FIG. 5. Elution profile of recombinant Nt PLA2 on ion exchange HPLC (A) and SDS-PAGE of re-
combinant Nt PLA2 (B). The factor Xa digested mixture was applied to a POROS HS/M column
(4.6 × 100 mm; PerSeptive Biosystems, Framingham, MA), which was pre-equilibrated with 20
mM MES-NaOH (pH 6.0). The elution of protein was followed by monitoring the absorbance at
280 nm (—). The dashed line indicates the linear gradient of NaCl. The flow rate was 2 mL/min.
The pooled fraction is indicated by an inverted triangle. (B) Molecular mass of marker proteins,
from top to bottom: 250, 75, 50, 37, 25, 20, 15, and 10 kDa. The protein was stained with
Coomassie brilliant blue. Lane 1, Escherichia coli cells expressing thioredoxin; lane 2, E. coli
cells expressing thioredoxin fusion Nt PLA2; lane 3, the crude extract of E. coli expressing thiore-
doxin fusion Nt PLA2; lane 4, the crude extract after treating with Factor Xa proteinase; lane 5,
the purified Nt PLA2. The recombinant protein is indicated by the triangle. Thx, thioredoxin;
Thx:NtPLA2, thioredoxin fusion NtPLA2; for other abbreviations see Figure 1.



as the purified recombinant Nt PLA2 to yield a final enzyme
preparation (arrowhead in lane 5 of Fig. 5B).

Characterization of recombinant Nt PLA2. The effects of pH
and the concentrations of Ca2+ and sodium cholate on the ac-
tivities of the purified recombinant Nt PLA2 toward phospho-
lipids containing three head groups (POPC, POPE, and POPG)
are shown in Figure 6. Nt PLA2 could hydrolyze efficiently
mixed-micellar POPC with sodium cholate in the pH 8–10 re-
gion and POPG at pH 6–7 (Fig. 6A and B). On the other hand,
the activity of Nt PLA2 toward POPE was low (Fig. 6C). There
are only a few studies on the enzymatic properties of plant
sPLA2. Elm sPLA2 hydrolyzes mixed-micellar 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine with lubrol PX in pH 8–9
(20). However, the head group specificity of elm sPLA2 has not

been investigated yet. Arabidopsis sPLA2 gamma (ATg shown
in Fig. 3), showed a head group specificity to PE rather than to
PC (23). On the other hand, the low-MW Vicia faba PLA2,
whose primary structure has not been determined yet, hy-
drolyzed both PC and PE at similar rates (13). As a result of
the few enzymatic studies of plant sPLA2, it is still difficult to
explain the differences in substrate specificity and pH optima
for enzyme activity among plant sPLA2.

The activity of Nt PLA2 was totally abolished by EDTA (1
mM), indicating a requirement for Ca2+. Although the activity of
Nt PLA2 toward POPC and POPG was extremely low in the pres-
ence of less than 2 mM Ca2+, it was sufficiently high at 10–40
mM Ca2+ (Fig. 6D–F). Thus, Nt sPLA2 requires essentially mil-
limolar concentration of Ca2+ for the optimal enzyme activity.
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FIG. 6. Effects of pH (A, B, C), Ca2+ (D, E, F), and sodium cholate (G, H, I) on the activities of purified recombinant
tobacco Nt PLA2 for the phospholipids palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC) (A, D, G), 1-palm-
itoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) (B, E, H), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
ethanolamine (POPE) (C, F, I). (A, B, C) The reaction mixtures containing purified Nt PLA2, 2 mM phospholipid, 6
mM sodium cholate, 100 mM NaCl, and 5 mM CaCl2 were incubated for 60 min at 37°C in a total volume of 100
µL. The buffers used were 50 mM Tris-maleate buffer at pH 5–8, 50 mM Tris-HCl at pH 8 and 9, and 50 mM glycine-
NaOH at pH 9–11. (D, E, F) The reaction mixtures containing purified Nt PLA2, 2 mM phospholipid, 6 mM sodium
cholate, 100 mM NaCl, 50 mM Tris-HCl (pH 8.0), and 1 mM EDTA or 0–40 mM CaCl2 were incubated. (G, H, I)
The reaction mixtures containing purified Nt PLA2, 2 mM phospholipid, 100 mM NaCl, 50 mM Tris-HCl (pH 8.0),
and various concentrations of sodium cholate. PLA2 activity was measured as described in the Materials and Meth-
ods section. For other abbreviations see Figure 1. 



Although the activities of Nt PLA2 toward the phospho-
lipids were not detected in the absence of sodium cholate, they
were greately increased by the addition of sodium cholate. The
optimal activity of Nt PLA2 was found in the presence of 8 mM
sodium cholate (cholate/phospholipids molar ratio of 4) toward
POPC and POPG, and in the presence of 20 mM sodium
cholate toward POPE (cholate/phospholipids molar ratio of 10,
Fig. 6G–I).

In the present study, we isolated a cDNA encoding tobacco
NtPLA2, and it is predicted to have a putative signal sequence
for secreting extracellularly. In Arabidopsis, AtsPLA2-γ also
has a putative signal sequence and is localized in the intercel-
lular space (23). Therefore, Nt PLA2 should be secreted into
the intercellular space. It still remains unclear why high PLA2
activity was detected in the flower, in which the mRNA expres-
sion of Nt PLA2 was low. In order to answer the above ques-
tions, it is necessary to investigate the distribution of Nt PLA2
protein in the tobacco flower.
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ABSTRACT: Immune-modulating effects of CLA have been re-
ported in animals, but results are inconsistent. In humans, CLA has
shown no effects or only minor effects on immune function. The
objective of this study was to evaluate the immune-modulating ef-
fects of 3 g cis-9,trans-11 (c9,t11) vs. trans-10,cis-12 (t10,c12) CLA
isomers in a population with a high risk of coronary heart disease
characterized by moderate overweight (body-mass index, 25–32.5
kg/m2) in combination with LDL-phenotype B (≥35% small LDL
cholesterol, density ≥ 1.040 g/mL). After a run-in period of 1 wk,
42 men and women were randomly allocated to the c9,t11 CLA
group, the t10,c12 CLA group, or the placebo group. Effects of 13
wk of consumption of 3 g of CLA isomers on cytokine production
by ex vivo lipopolysaccharide (LPS)-stimulated peripheral blood
mononuclear cells (PBMC) and whole blood, and on plasma C-re-
active protein (CRP) concentrations were evaluated. To generate
hypotheses for future studies, protein expression patterns of 42 cy-
tokines, chemokines, and growth factors were evaluated with an
antibody array in pooled, nonstimulated, fasting plasma samples.
LPS induced interleukin (IL)-6, IL-8, and tumor necrosis factor-α
production by PBMC, and whole blood as well as plasma CRP con-
centrations were not significantly changed by the c9,t11 and the
t10,c12 CLA isomers. The cytokine expression profile in nonstimu-
lated plasma suggested that both CLA isomers induced a specific
inflammatory signature, in which the c9,t11 CLA group showed
more activity in terms of numbers of proteins regulated. We con-
clude that daily consumption of 3 g of c9,t11 or t10,c12 CLA iso-
mer did not affect LPS-stimulated cytokine production by PBMC or
whole blood and plasma CRP levels. Inflammatory signatures in
fasting, nonstimulated plasma as determined by an antibody array
may indicate enhanced immune function by both CLA isomers. 

Paper no. L9763 in Lipids 40, 909–918 (September 2005).

CLA is a mixture of positional (e.g., 9,11; 10,12) and geometri-
cal (cis or trans) conjugated isomers of linoleic acid (18:2n-6). It
is a natural food component, predominantly found in the lipid
fraction of meat, milk, and other dairy products. Many health ef-
fects have been ascribed to CLA. The earlier studies mainly fo-
cused on its anticarcinogenic properties (1,2), but later studies
also examined additional health benefits such as antidiabetic, an-
tiobesity, and antiatherosclerotic effects (3). Most of these effects
were, however, found in laboratory animals. CLA also has been
reported to have immunomodulatory properties in animals, but
results are inconsistent (3,4).

Data from human studies are limited and—if anything—only
minor effects of mixtures of CLA isomers on immune functions
have been shown (3,4). Effects may, however, be isomer-specific
(4). Tricon et al. (5) therefore compared side-by-side cis-9,trans-
11 (c9,t11) and trans-10,cis-12 (t10,c12) CLA. Both isomers de-
creased mitogen-induced lymphocyte activation but had no ef-
fects on lymphocyte subpopulations, ex vivo cytokine produc-
tion, and serum C-reactive protein (CRP) concentration. The
absence of clear effects may be related to the healthy population
in that study. It is very well possible that effects are more appar-
ent if the immune system is already triggered. In the present
placebo-controlled study we therefore evaluated the effects on
inflammation parameters of consumption of 3 g of the individual
c9,t11 CLA or t10,c12 CLA isomers in moderately overweight
subjects. It is known that overweight and obese persons are at
increased risk for coronary heart diseases (CHD), which may be
related to their proinflammatory serum profiles (6). In addition,
subjects were characterized by LDL-phenotype B, which is typi-
fied by the presence of increased proportions of the highly
atherogenic, small, dense LDL particles (7,8). Subjects with
LDL-phenotype B have an increased risk for CHD that might be
explained by the increased oxidative susceptibility of the small,
dense LDL particles (9). Since leukocytes are easily triggered by
oxidized LDL particles (10,11), potential positive effects on
leukocyte immunoreactivity may be more evident in this popu-
lation. Leukocyte function was determined ex vivo by measure-
ment of interleukin (IL)-6, IL-8, and tumor necrosis factor
(TNF)-α production after lipopolysaccharide (LPS) stimulation
of isolated peripheral blood mononuclear cells (PBMC) and of
whole blood. However, plasma concentrations of inflammation
markers such as CRP, IL-6, and monocyte chemotactic protein-1
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(MCP-1) are also strong predictors of future CHD risk (12–14).
Therefore, we also measured plasma concentrations of CRP and
of 42 different cytokines, chemokines, and growth factors in
pooled plasma samples using an antibody array.

SUBJECTS AND METHODS

Subjects. Forty-two apparently healthy, moderately overweight
(body-mass index (BMI) 25–32.5 kg/m2), middle-aged (35–65
yr), men (n = 22) and women (n = 20), classified as having LDL-
phenotype B (≥35% small LDL cholesterol, density ≥ 1.040
g/mL), were included in the study. Volunteers were recruited
through announcements in local newspapers. Eligible subjects
completed a standard blood test and filled in a medical question-
naire. All subjects were nonhypercholesterolemic (mean serum
total cholesterol < 7.0 mmol/L and mean serum TAG < 3.0
mmol/L), as measured on two separate occasions with at least a
3-d interval after an overnight fast. Exclusion criteria were dias-
tolic blood pressure > 85 mmHg or systolic blood pressure > 150
mmHg; unstable body weight or attempts to lose weight during
the previous 3 mon; presence of proteinuria or glucosuria; use of
medication, a diet or a clinical condition known to affect lipid or
glucose metabolism; drug or alcohol abuse; history of CHD, de-
compensatio cordis (Class III or IV), cardiomyopathy or kidney,
liver and pancreatic disease or malignancies < 5yr ago; preg-
nancy or breastfeeding; and participation in another biochemical
trial < 30 d ago. The subjects were requested not to change their
usual diets, levels of physical exercise, smoking habits, or use of
alcohol during the study. The Ethical Committee had approved
the study protocol, and all subjects signed informed consent
forms before entering the study.

Study design. This study was part of a larger project on the
health effects of CLA in overweight middle-aged Europeans
(Fifth European Commission framework program QLK1–1999–
00076). Of this larger multicenter study, 42 participants from
Maastricht were used to measure the immune-modulating effects
of CLA. The study was designed as a placebo-controlled, dou-
ble-blind parallel design. During the first week of the study (run-
in period), subjects consumed 100 mL of a drinkable dairy prod-
uct enriched with 3 g of a high-oleic acid sunflower oil (placebo)
each day. Thereafter, the volunteers were randomly allocated to
one of three treatment groups. Randomization was balanced for
males and females, BMI, and LDL-phenotype. For the next 13
wk of the study (intervention period), the first group continued
to consume the placebo drinkable yogurt-like dairy product en-
riched with 3 g of a high-oleic acid sunflower oil (100 mL/d).
The second group consumed the same product enriched with 3 g
of c9,t11 CLA instead of the oleic acid, while the third group
consumed this product enriched with 3 g of t10,c12 CLA. No
extra antioxidants were added to the experimental products.

The two CLA isomers were given as a TAG and were pro-
duced by Natural Lipids Ltd. (Hovdebygda, Norway), as de-
scribed (15). The CLA was incorporated into a yogurt-like dairy
product (by Danone; Palaiseau, France), which contained
(wt/wt) 67% water, 20% milk [3.2% proteins, 5% lactose, 0.7%
minerals (1250 ppm Ca) and 0.05% fat], 4.1% oils, 8% saccha-
rose, 0.4% pectin, 0.35% citric acid, and 0.12% flavorings. The

c9,t11 CLA concentrate contained >80% c9,t11 CLA, <5%
t10,c12 CLA, and other isomers in minor amounts. The t10,c12
CLA concentrate contained > 80% t10,c12 CLA, <5% c9,t11
CLA, and other isomers in minor amounts.

During the study, subjects recorded in diaries any signs of ill-
ness or any side effects experienced. Food intake was measured
at the end of the run-in and the intervention period, using 3-d di-
etary records. Energy and nutrient intakes were calculated using
the Dutch Food Composition Table (NEVO-tabel) (16).

Both at the end of the run-in period (week 1) and the end of
the intervention period (week 14) blood was sampled after an
overnight fast of at least 10 h. Subjects were not allowed to con-
sume alcohol 24 h before blood sampling and were not allowed
to smoke the morning before blood sampling. Blood was sam-
pled in EDTA tubes and serum tubes (Becton Dickinson Vacu-
tainer Systems, Franklin Lakes, NJ). Plasma was obtained by
centrifugation at 2,000 × g for 30 min and used for CRP analysis
and antibody arrays. Serum was obtained by centrifugation at
2,000 × g for 30 min and was used for lipid and lipoprotein
analysis. Plasma and serum samples were stored at –80°C until
analysis. In addition, blood was sampled in endotoxin-free he-
parinized tubes (Becton Dickinson Vacutainer Systems; final
heparin concentration 10 U/mL) for PBMC and whole blood
stimulation.

PBMC and whole blood stimulation. To examine ex vivo cy-
tokine production by PBMC, cells were isolated from whole
blood using Lymphoprep (Nycomed Pharma, Oslo, Norway)
under sterile conditions. After isolation, PBMC were immedi-
ately plated in 24-well flat-bottom culture plates (2.5 × 106

cells/mL per well; 200–600 µL per well), and mixed with LPS
(Escherichia coli 055:B5, Sigma, St Louis, MO; final concentra-
tions 1 and 10 ng/mL in endotoxin-free buffered saline) or 20 µL
polymixin B (Sigma; final concentration 1 mg/mL in endotoxin-
free buffered saline). RPMI-1640 was used as the culture
medium, containing 1% penicillin/streptomycin, 1% sodium
pyruvate, and 1% of a heat-inactivated human serum pool. The
cells were incubated for 6 h at 37°C. After incubation, the cul-
ture media were aspirated. The aspirated media were centrifuged
at 1,000 × g for 30 min to obtain cell-free media, which were
stored at –80°C until analysis.

To examine ex vivo cytokine production by PBMC in whole
blood, 2 mL of whole blood was immediately mixed with 20
µL LPS (final concentrations 1 and 10 ng/mL) or polymixin B
(final concentration 1 mg/mL). The blood samples were incu-
bated for 6 h at 37°C. After incubation, samples were cen-
trifuged at 1,000 × g for 30 min and platelet-poor plasma was
stored at –80°C until analysis.

Cytokine and CRP analysis. IL-6, IL-8, and TNF-α concen-
trations in platelet-poor plasma of stimulated whole blood and
cell-free media of stimulated PBMC were assessed by sandwich
ELISA as previously described (17–20). Briefly, plates (Greiner
Bio-one, Frickenhausen, Germany) were coated with mono-
clonal murine antihuman IL-6, IL-8, or TNF-α antibodies. Re-
combinant human IL-6, IL-8, and TNF-α were used for their re-
spective standard titration curves. Immobilized IL-6 or IL-8 was
detected using a specific biotinylated rabbit-anti-human IL-6 or
IL-8 polyclonal antibody, followed by the addition of peroxidase-
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conjugated streptavidin (Zymed Laboratories, San Francisco,
CA) and tetramethylbenzidine (TMB) substrate (Kirkegaard &
Perry Laboratories, Gaithersburg, MD). Immobilized TNF-α was
detected using a specific rabbit-anti-human TNF-α antibody, fol-
lowed by the addition of goat-anti-rabbit peroxidase (Jackson Im-
munoResearch, West Grove, PA) and TMB substrate.

Plasma CRP concentrations were measured with a highly sen-
sitive immunoturbidimetric assay (Kamiya Biomedical Com-
pany, Seattle, USA) (21).

Cytokine expression profiles. To generate hypotheses for fu-
ture studies, expression patterns of multiple cytokines,
chemokines, and growth factors were detected simultaneously
with the human cytokine antibody array III (RayBiotech Inc.,
Norcross, GA) according to the manufacturer’s instructions. We
therefore evaluated changes in protein expression profiles, or pat-
terns of protein clusters to be able to define possible differential
immune-modulating effects of the two CLA isomers. For this,
fasting EDTA plasma samples from all participants of each group
were pooled at the end of the run-in period and at the end of the
intervention period. This means that six arrays (placebo group,
c9,t11 CLA group, and t10,c12 CLA group at the end of the run-
in period and at the end of the intervention period) were analyzed.
In brief, 1 mL of the pooled plasma samples was added to the
array membranes. After incubating and washing, the cytokine-
bound membrane was incubated with a cocktail of biotin-labeled
antibodies, followed by adding horseradish peroxidase-conju-
gated streptavidin. Array spot intensity was detected by using a
LAS-3000 Lite Image reader (Raytest GmbH, Straubenhart, Ger-
many) based on chemiluminescence imaging. Finally, intensity
of the spots was quantified by densitometry using Aida software
version 3.50 (Raytest GmbH), thereby correcting for background
staining of the gel. Comparison of protein expression profiles was
possible after normalization of each spot on an array using the
positive controls provided by the manufacturer. For each group,
responses to the dietary supplements were calculated as the per-
cent change between values at the end of the run-in period (week
1) and those at the end of the intervention period (week 14). Next,

for each cytokine the change in the control group was subtracted
from the change in the intervention groups.

Lipids, apolipoproteins, and LDL-phenotype. Total, LDL, HDL
cholesterol and TAG concentrations were determined as described
(22). LDL-phenotype was determined by Y.A. Carpentier from L.
Deloyers Laboratory for Experimental Surgery of the Université
Libre de Bruxelles (Brussels, Belgium) as described (23).

FA composition of plasma phospholipids. FA composition of
plasma phospholipids was measured in EDTA plasma as de-
scribed by Sébédio et al. (24).

Statistics. For each subject, responses to the dietary supple-
ments were calculated as the change between values at the end
of the run-in period (week 1) and those at the end of the inter-
vention period (week 14). Since the concentrations of IL-6, IL-8,
and TNF-α as well as FA compositions were not normally dis-
tributed, the differences in changes were evaluated with the non-
parametric Kruskal–Wallis test, followed by the Mann–Whitney
test if the Kruskal–Wallis test showed a significant difference be-
tween the groups. The differences in changes of CRP were eval-
uated by ANOVA. CRP concentrations at the end of the run-in
period (week 1) were different between the three groups. There-
fore, an analysis of covariance (ANCOVA) with week 1 concen-
trations as covariate also was carried out. Correlation analyses
were performed using the Spearman correlation test.

All statistical analyses were performed using SPSS for Macin-
tosh 10.0 (SPSS, Chicago, IL). Normally distributed values are
presented as means ± SD, nonnormally distributed values as me-
dians (ranges). A P-value for the diet-effect of <0.05 was consid-
ered as statistically significant. If a Tukey or Mann–Whitney test
was performed, a P-value of <0.017 was considered as statistically
significant.

RESULTS

Baseline characteristics of the 38 subjects that completed the
study are presented in Table 1. Three subjects dropped out dur-
ing the intervention period, because of appearance of rashes
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TABLE 1
Baseline Characteristics of Subjects Before Start of the Studya

Control c9,t11 CLA t10,c12 CLA
(n = 12) (n = 14) (n = 12)

Age (y) 58 ± 5 53 ± 7 56 ± 6
Sex, M:F 6:6 7:7 6:6
BMI (kg/m2) 29 ± 2 29 ± 2 29 ± 3
Visceral adiposity (waist/hip ratio) 0.95 ± 0.08 0.94 ± 0.08 0.94 ± 0.07
Systolic blood pressure (mmHg) 138 ± 14 140 ± 20 136 ± 13
Diastolic blood pressure (mmHg) 86 ± 9 88 ± 9 88 ± 5
Total cholesterol (mmol/L)b 6.22 ± 1.15 6.17 ± 0.79 5.80 ± 0.92
LDL cholesterol (mmol/L)b 4.19 ± 1.12 4.02 ± 0.92 3.95 ± 0.92
HDL cholesterol (mmol/L)b 1.54 ± 0.79 1.31 ± 0.74 1.18 ± 0.35
TAG (mmol/L)b,c 1.08 ± 0.39 1.82 ± 0.90 1.45 ± 0.65
LDL-phenotype (%)d 40.9 41.2 41.3

(34.5–60.7) (33.2–58.1) (33.9–55.1)
aValues are means ± SD except for LDL-phenotype medians (ranges).
bFasting serum concentrations of total cholesterol, LDL cholesterol, HDL cholesterol, and TAG were measured during the
first and second screening visit, with an interval of at least 3 d.
cSignificant difference between the groups (P = 0.043)
dLDL-phenotype is expressed as the proportion of LDL cholesterol in LDL particles with a density ≥ 1.040 g/mL.



(n = 1, control group), because of participation in another clin-
ical trial (n = 1, t10,c12 CLA group), or because of a lung in-
fection (n = 1, t10,c12 CLA group). After the study, one man
from the control group was excluded from the analysis, be-
cause of a nonfasting blood sample at the end of the interven-
tion period. Seven subjects were smokers (1 subject from the
control group and 3 subjects from each CLA group). One
woman from the c9,t11 CLA group and 2 women from the
t10,c12 CLA group used oral contraception. Five women from
the control group, 5 women from the c9,t11 CLA group, and 4
women from the t10,c12 CLA group were postmenopausal. At
baseline, there were no significant differences between the
three groups, except for serum TAG concentrations (Table 1).

Compliance to the drinks was confirmed by the incorporation
of the CLA isomers into plasma phospholipids (Table 2). For the
c9,t11 CLA group, the change in the proportion of c9,t11 CLA
was significantly higher as compared with the changes in the
control (P < 0.01) and the t10,c12 CLA groups (P < 0.01). The
t10,c12 CLA group had significantly higher increases in the pro-
portions of the t10,c12 CLA as compared with those in the con-
trol (P < 0.001) and the c9,t11 CLA groups (P < 0.01).

Daily intakes of energy, and the percentages of energy from
fat, saturated FA, monounsaturated FA, PUFA, protein, and car-
bohydrates as well as daily intake of cholesterol, fiber, and alco-
hol did not differ during the run-in and intervention period (data
not shown).

PBMC and whole blood stimulation at the end of the run-in
period. Stimulation of PBMC and whole blood with 1 and 10
ng/mL LPS resulted in dose-dependent increases in IL-6, IL-8,
and TNF-α production. Conclusions, however, did not depend
on the dose of LPS used and therefore only the 10 ng/mL LPS
results are presented. All polymixin B controls were negative
(data not shown).

IL-6, IL-8, and TNF-α productions by PBMC at the end of
the run-in period varied between the groups, but differences did
not reach statistical significance (Table 3).

At the end of the run-in period, the IL-6 and IL-8 production
in whole blood was about 20 ng/mL, whereas the TNF-α pro-
duction was much lower (about 4 ng/mL). There were no statis-
tically significant differences between the three groups at the end
of the run-in period (Table 4).

As shown in Table 5, Spearman correlations between the dif-
ferent cytokine concentrations produced by stimulated PBMC at
the end of the run-in period were high (P < 0.0001). Spearman
correlations between the cytokines in whole blood were weaker
than those of PBMC but still reached statistical significance (P <
0.05).

Effects of c9,t11 or t10,c12 CLA on PBMC and whole blood
stimulation. Effects of the dietary interventions on IL-6, IL-8,
and TNF-α production in PBMC and whole blood after LPS
stimulation are shown in Tables 3 and 4. In PBMC, IL-6, IL-8,
and TNF-α, production increased in both intervention groups
and in the control group. Although the increase in the three cy-
tokines was the highest in the t10,c12 CLA group, the differences
between the groups did not reach significance (P-values for diet
effects: IL-6, P = 0.439; IL-8, P = 0.427; TNF-α, P = 0.175;
Table 3). In whole blood, IL-6, IL-8, and TNF-α, production de-
creased in both intervention groups and in the control group. The
decrease in the three cytokines was less in the t10,c12 CLA
group, but again the differences between the groups did not reach
significance (P-values for diet effects: IL-6, P = 0.121; IL-8, P =
0.506; TNF-α, P = 0.659; Table 4).

CRP. Two subjects of the control group and two subjects of
the c10,t12 CLA group with CRP values higher than 8 mg/mL
were excluded from the analysis. At the end of the run-in period,
CRP concentrations were significantly different between the
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TABLE 2
Proportions of FA in Phospholipids [% of total FA (w/w)]a

Control c9,t11 CLA t10,c12 CLA P-value
(n = 12) (n = 14) (n = 12)

CLA c9,t11
Run-in period 0.126 0.145 0.108

(0.000–0.224) (0.094–0.731) (0.091–0.185)
Intervention period 0.136 0.694 0.183

(0.081–0.290) (0.078–1.280) (0.145–0.196)
Change −0.013 0.579b,c 0.077 0.001

(−0.042–0.196) (−0.126–1.135) (−0.010–0.139)
CLA t10,c12
Run-in period 0.000 0.000 0.000

(0.000–0.000) (0.000–0.098) (0.000–0.557)
Intervention period 0.000 0.088 0.505

(0.000–0.208) (0.000–0.183) (0.000–0.755)
Change 0.000 0.088c 0.489d < 0.001

(0.000–0.208) (−0.053–0.183) (0.000–0.755)
aDuring the run-in period of 1 wk subjects consumed a drinkable dairy product enriched with 3 g of a high-oleic acid sun-
flower oil (placebo) per day. During the intervention period of 13 wk the control group continued to consume the placebo
product, the c9,t11 CLA group consumed 3 g of c9,t11 CLA, while the c10,t12 CLA group consumed 3 g of t10,c12 CLA.
Values are medians (ranges).
bc9,t11 CLA group vs. control group P < 0.01.
cc9,t11 CLA group vs. t10,c12 CLA group P < 0.01.
dt10,c12 CLA group vs. control group P < 0.001.
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TABLE 3
Effects of c9,t11 CLA or t10,c12 CLA on ex vivo Cytokine Production by Isolated PBMC in Response to
Stimulation with LPSa

Control c9,t11 CLA t10,c12 CLA P-value

IL-6 (ng/ml)
n 11 13 9
Run-in period 4.71 15.01 3.74

(0.89–41.65) (0.53–65.21) (0.63–32.21)
Intervention period 6.96 9.42 11.76

(1.12–52.23) (2.19–7.15) (1.21–50.86)
Change 0.59 1.66 4.40 0.439

(−9.05–46.17) (−40.34–38.26) (−9.74–48.26)
IL-8 (ng/ml)
n 10 12 9
Run-in period 8.29 18.62 7.97

(1.89–46.83) (1.10–42.91) (3.12–42.00)
Intervention period 17.37 16.08 21.38

(3.53–53.80) (4.15–51.97) (7.07–35.80)
Change 2.61 1.84 4.90 0.427

(−7.48–46.23) (−14.27–30.20) (−6.20–22.03)
TNF-α (ng/ml)
n 11 13 9
Run-in period 1.06 1.31 0.61

(0.16−2.74) (0.10–4.77) (0.28–2.44)
Intervention period 1.60 1.56 2.44

(0.24–4.75) (0.47–6.65) (0.34–5.39)
Change 0.12 0.48 1.30 0.175

(−0.39–2.01) (−3.33–4.10) (−0.08–4.78)
aFor experimental details, see Table 2. Peripheral blood mononuclear cells (PBMC) were isolated from whole blood and
stimulated for 6 h with 10 ng/mL lipopolysaccharide (LPS) from Escherichia coli 055:B5. Values are medians (ranges). The
results of five subjects (one of the control, one of the c9,t11 and three of the t10,c12 CLA group) were missing, because
PBMC isolation from the blood was not successful. The results of the interleukin (IL)-8 production by PBMC of one subject
of the control group and one subject of the c9,t11 CLA group were missing, because the amount of the samples was lim-
ited. TNF, tumor necrosis factor.

TABLE 4
Effects of c9,t11 CLA or t10,c12 CLA on ex vivo Cytokine Production by PBMC in Whole Blood
in Response to Stimulation with LPSa

Control c9,t11 CLA t10,c12 CLA P-value
(n = 12) (n = 13) (n = 12)

IL-6 (ng/ml)
Run-in period 25.28 20.14 20.65

(5.63–63.61) (10.14–43.40) (4.54–32.89)
Intervention period 16.42 17.60 16.84

(3.19–41.24) (3.58–33.64) (3.16–27.33)
Change −8.82 −6.06 −2.10 0.121

(−22.37–5.84) (−20.08–17.35) (−14.57–6.07)
IL-8 (ng/ml)
Run-in period 21.28 20.09 19.28

(14.80–43.30) (9.72–49.71) (6.74–40.12)
Intervention period 8.86 8.68 9.40

(3.16–17.51) (3.32–39.50) (2.65–20.56)
Change −14.60 −10.21 −8.83 0.506

(−25.79–0.85) (−23.89–4.87) (−32.82–4.77)
TNF-α (ng/ml)
Run-in period 4.12 4.51 4.00

(1.57–14.89) (0.70–7.03) (1.60–8.88)
Intervention period 2.53 3.42 2.38

(0.77–7.56) (0.99–4.50) (1.50–7.32)
Change −1.61 −1.37 −0.86 0.659

(−9.53–2.95) (−5.13–3.07) (−4.84–2.11)
aFor experimental details, see Table 2. Values are medians (ranges). Whole blood was stimulated for 6 h with 10 ng/mL LPS
from E. coli 055:B5. Values are medians (ranges). The results of one subject of the c9,t11 CLA group were missing, because
not enough blood was drawn. For abbreviations see Table 3.



groups (P = 0.042; Table 6). Changes between groups, however,
were not significantly different (P = 0.557; Table 6). Also AN-
COVA analysis with week 1 concentrations as covariate resulted
in the same conclusion.

Cytokine profiles. In the pooled plasma samples, 27 cy-
tokines, chemokines, or growth factors of the 42 different spots
on the antibody arrays were detectable and could be semiquanti-
fied. Figure 1 shows the absolute values (in arbitrary units) of
the control group at the end of the run in period. Figure 2 shows
that the number as well as the extent of the changes was more
pronounced in the c9,t11 CLA group as compared with those in
the t10,c12 CLA group. The observed changes were mostly in-
creases, but decreases were also found.

Consumption of the c9,t11 and t10,c12 CLA isomers caused
changes in the same directions [e.g., thymus and activation-reg-
ulated chemokine (TARC) and IL-1α], as well as into opposite
directions [e.g., epidermal growth factor (EGF) and TNF-β].
Further, some cytokines showed only a change in the c9,t11 CLA
group (e.g., stromal cell-derived factor (SDF-1), IL-1β, and IL-
2] or in the t10,c12 CLA group [e.g., growth-regulated protein
(GRO)]. The increases of the three MCP values in the c9,t11
CLA group were very consistent, whereas some IL showed
changes into different directions (e.g., IL-1α and IL-1β). When
the cytokines were divided into different classes [chemokines,
colony-stimulating factors (CSF), growth factors, and stimulat-
ing and suppressive cytokines], the profile remained complex.

However, in both CLA groups the concentrations of chemokines
that attract granulocytes (neutrophils, eosinophils, and basophils)
(except GRO in the t10,c12 CLA group) increased, while con-
centrations of chemokines that mainly attract monocytes, macro-
phages, and T-lymphocytes decreased [except MIP (macrophage
inflammatory protein)-1δ and Rantes (regulated upon activation
normal T-cell expressed and secreted) in the c9,t11 CLA group].
Furthermore, concentrations of macrophage colony-stimulating
factor (MCSF) and thrombopoietin (Tpo), two CSF, were clearly
elevated in both CLA groups, but in a more pronounced fashion
in the c9,t11 CLA group. Also concentrations of IL-10, an ex-
ample of a suppressive cytokine, were increased, an effect that
was stronger in the t10,c12 CLA group. Effects on growth fac-
tors and stimulating cytokines were less uniform. Leptin plasma
concentrations were decreased in both CLA groups.

Correlations. At the end of the run-in period, no significant
correlations were found between the proportions of c9,t11 and
t10,c12 CLA in plasma phospholipids with cytokine production.
Body weight, however, correlated positively with TNF-α pro-
duction in whole blood (r = 0.359, P = 0.029), as well as with
IL-6 or IL-8 production by PBMC (r = 0.423, P = 0.014 and r =
0.406, P = 0.023). In line with this, TNF-α production by PBMC
correlated with BMI (r = 0.395, P = 0.023), and IL-6 production
by whole blood and PBMC with visceral adiposity (r = 0.438, P
= 0.007 and r = 0.436, P = 0.011, respectively). Also BMI corre-
lated with plasma CRP concentrations (r = 0.568, P = 0.001). At
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TABLE 5
Spearman Rank Correlations at the End of the Run-in Period Between Different Cytokine
Concentrations After Stimulation of PBMC or Whole Blood and Between Cytokine
Concentrations After Stimulation of PBMC vs. Whole Blooda

PBMC r P-value

IL-6 vs. IL-8 0.91 <0.0001
IL-6 vs. TNF-α 0.81 <0.0001
IL-8 vs. TNF-α 0.74 <0.0001

Whole blood
IL-6 vs. IL-8 0.51 0.002
IL-6 vs. TNF-α 0.47 0.005
IL-8 vs. TNF-α 0.33 0.048

PBMC vs. whole blood
IL-6 0.29 0.113
IL-8 0.31 0.094
TNF-α 0.17 0.340

aPBMC and whole blood were stimulated for 6 h with 10 ng/mL LPS from E. coli 055:B5. For abbre-
viations see Table 3

TABLE 6
Effects of c9,t11 CLA or t10,c12 CLA on Plasma C-Reactive Protein (CRP) Concentrationsa

Control c9,t11 CLA t10,c12 CLA P-value
(n = 9) (n = 14) (n = 10)

CRP (mg/L)
Run-in periodb 0.90 ± 0.50 2.77 ± 2.21 1.68 ± 1.50
Intervention period 0.75 ± 0.55 2.97 ± 2.40 2.01 ± 1.39
Change −0.15 ± 0.36 0.19 ± 0.99 0.33 ± 1.32 0.557

aFor experimental details, see Table 2. Values are means ± SD. Two subjects of the control group and two subjects of the
t10,c12 group with values higher than 8 mg/L were excluded for analysis. For one subject of the control group no CRP
analysis was performed, because of lack of samples.
bSignificant difference between the groups at the end of the run-in period (P = 0.042).



IMMUNE-MODULATING EFFECTS OF CLA ISOMERS 915

Lipids, Vol. 40, no. 9 (2005)

FIG. 1. The absolute protein expression (in Arbitrary Units) of different cytokines, chemokines, and growth factors
of the control group at the end of the run-in period as measured by an antibody array. The sensitivity of the array is
not the same for the different proteins, therefore the heights of the bars do not represent concentrations. For experi-
mental details see the Subjects and Methods section. The proteins are divided into different classes, i.e.,
chemokines, colony stimulating factors (CSF), growth factors, and stimulating (+) and suppressive (−) cytokines.
ENA, epithelial-derived neutrophil-activating protein; GRO, growth-regulated protein; IL, interleukin; MCP, mono-
cyte chemotactic protein; MDC, macrophage-derived chemokine; MIP, macrophage inflammatory protein; Rantes,
regulated upon activation normal T-cell expressed and secreted; SDF, stromal cell-derived factor; TARC, thymus-
and activation-regulated chemokine; MCSF, macrophage colony-stimulating factor; Tpo, thrombopoietin; EGF, epi-
dermal growth factor; OSM, oncostatin M; PDGF, platelet-derived growth factor; VEGF, vascular endothelial growth
factor; IFN, interferon; TNF, tumor necrosis factor; Ang, angiogenin.

FIG. 2. Effects of 13 wk of c9,t11 CLA or t10,c12 CLA consumption on plasma concentrations of different cytokines,
chemokines, and growth factors as measured by an antibody array. The percent changes for each protein in the in-
tervention groups were calculated compared with the control group. For experimental details see the Subjects and
Methods section. The proteins are divided into different classes, i.e., chemokines, CSF, growth factors, and stimu-
lating (+) and suppressive (−) cytokines. The chemokines are further subdivided into chemokines that attract granu-
locytes (gran) [neutrophils (neu), basophils (baso), ,and eosinophils (eos)], monocytes/macrophages (mono/macro),
and T-lymphocytes (T lym). For other abbreviations see Figure 1.



the end of the intervention period, we found a significant corre-
lation of 0.698 (P = 0.008) only between the changes in the pro-
portions of c9,t11 CLA in plasma phospholipids and the changes
in TNF-α production in whole blood in the c9,t11 CLA group.

DISCUSSION

In animals, inconsistent effects of CLA on immune parameters
have been reported, whereas in most humans no effects of CLA
mixtures could be shown at all (3,4). It has been suggested that
these inconsistencies might be due to opposite effects of the two
most common CLA isomers (4). Recently, however, Tricon et
al. (5) showed no effects of the c9,t11 or t10,c12 CLA isomers
on ex vivo cytokine production by LPS and concanavalin A-stim-
ulated PBMC. It is possible that this lack of effect is related to
the fact that the study population consisted of young, healthy
subjects. Another explanation might be the absence of effects on
cytokine production by stimulated PBMC, whereas CLA may
affect plasma cytokine concentrations in nonstimulated condi-
tions. In our study we have therefore evaluated the effects of the
two individual CLA isomers side-by-side in moderately over-
weight subjects at increased risk for CHD, which are expected to
have a proinflammatory profile based on their BMI, both after
LPS stimulation and in nonstimulated plasma. We found posi-
tive correlations between different indices of obesity (weight,
BMI, visceral adiposity) and LPS-stimulated production of dif-
ferent cytokines (IL-6, IL-8, and TNF-α) by PBMC and in whole
blood. It is thus conceivable that our study population is more
responsive to interventions with potential effects on inflamma-
tion parameters. However, in the present study we also found no
effects of a daily consumption of 3 g of c9,t11 or t10,c12 CLA
for 13 wk on ex vivo cytokine production by isolated PBMC or
by PBMC present in whole blood after stimulation with LPS.
Our results agree not only with those of Tricon et al. (5) but also
with earlier studies in which mixtures of the various CLA iso-
mers did not alter the ex vivo cytokine production by LPS-stimu-
lated PBMC in healthy men and women (25,26). Taken together,
however, studies in various population groups do not suggest that
consumption of the purified CLA isomers or mixtures of CLA
isomers affects ex vivo cytokine production by stimulated PBMC
or whole blood.

Effects of CLA on immune cell functions also have been
studied in various animal models. Results were equivocal and
varied from stimulation to inhibition, depending on the parame-
ter examined. In fact, conflicting results for the same parameter
have even been found within the same animal species, for which
there is no clear explanation (3). It is possible, however, that ef-
fects may depend on the composition of the background diet.
When rats were fed a soybean oil-based diet supplemented with
a CLA mixture, ex vivo basal and LPS-stimulated secretions of
IL-6 by resident peritoneal macrophages were reduced (27).
These effects were not observed when the CLA mixture was
added to a menhaden and safflower oil-based diet (27). In the
same study, CLA feeding also decreased basal, but not LPS-stim-
ulated, secretion of TNF-α, but in this case effects did not de-
pend on the background diet (27). When mice were fed a diet

supplemented with purified c9,t11 or t10,c12 CLA, increases in
TNF-α and IL-6 secretion were found by ex vivo cultured
splenocytes after LPS stimulation. Effects were comparable for
both CLA groups (28). These two animal studies examined im-
mune function in a comparable manner as we did and found both
immune-stimulating and -suppressing effects. Many other ani-
mal studies have examined other aspects of the immune system,
such as lymphocyte proliferation and antibody responses, and
also reported both immune stimulation and suppression (3,4).

The reason that we observed no significant effects of each iso-
mer cannot be explained by noncompliance, as shown by the sig-
nificant changes in FA composition of plasma phospholipids.
Further, it has been demonstrated that both c9,t11 and t10,c12
CLA are incorporated into PBMC lipids, although less effi-
ciently than into plasma PC and cholesteryl esters (29). In our
study CLA was given to the volunteers with a dairy product and
not by capsules, as in many other studies. This, however, did not
affect the bioavailability of the CLA, as we have recently re-
ported that the proportion of CLA incorporated into plasma
phospholipids was in good agreement with studies that have used
capsules (30). In our study, plasma CRP concentrations increased
slightly, in particular in the t10,c12 CLA group. Differences be-
tween the groups did not, however, reach statistical significance.
This agrees with the findings of Tricon et al. (5), who also
showed no effects of a daily intake of 2.5 g of the individual CLA
isomers on serum CRP concentrations in healthy subjects.
Risérus et al. (31), however, observed that 12 wk supplementa-
tion with 3.4 g of the purified t10,c12 CLA isomer increased
plasma CRP concentrations of obese men with metabolic syn-
drome. It is possible that these inconsistencies can be explained
by differences in intakes, which was the highest in the study of
Risérus et al. As BMI is a major determinant of CRP concentra-
tions, another explanation is that t10,c12 CLA may affect CRP
concentrations in subjects with increased CRP concentrations.
Again, the mean BMI of the subjects in the study of Risérus et
al. was the highest (30 kg/m2) and in the study of the Tricon et
al. the lowest (25 kg/m2).

Besides cytokine production of LPS-stimulated PBMC, ef-
fects of CLA consumption on plasma concentrations of cy-
tokines were also evaluated. To our opinion, in this way two dif-
ferent processes are measured. When stimulating PBMC with
LPS, the potency of leukocytes to respond to a bacterial infec-
tion is simulated. Plasma cytokines do not originate only from
leukocytes, and they may also be secreted from other cells, such
as adipocytes (32,33). In particular, fasting levels of various cy-
tokines, acute phase proteins, and/or chemokines are valuable
predictors of future coronary risk (12–14). Risérus et al. (31)
measured fasting plasma concentrations of TNF-α and IL-6 but
showed no changes after intake of the CLA mixture (containing
35.4% c9,t11 and 35.9% t10,c12 CLA) and the purified t10,c12
CLA isomer. We extended these observations by measuring an
inflammatory signature consisting of 27 different cytokines,
chemokines, or growth factors in pooled plasma with an anti-
body array. Our array data, however, suggested slight changes in
fasting plasma TNF-α concentrations, which increased in the
t10,c12 CLA group and decreased in the c9,t11 CLA group.
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Since these signatures were analyzed in pooled material, we can-
not draw any conclusions based on statistical analysis. However,
as already indicated, this array was intended to generate hypothe-
ses on possible differential immune-modulating effects of the
two CLA isomers, which will be discussed below.

When expression profiles of different cytokines, chemokines,
and growth factors in pooled plasma samples were evaluated, we
found that the c9,t11 and t10,c12 CLA isomers induced different
protein expression profiles, whereas changes in the c9,t11 CLA
group were more pronounced. It has indeed been suggested that
the two CLA isomers have different effects on immune functions
(4). Furthermore, in general, both isomers induced more in-
creases in protein concentrations than decreases, which indicates
an enhanced immune function. This observation was particularly
apparent for the c9,t11 CLA isomer. When looking in more de-
tail at the protein expression profiles, we observed that plasma
concentrations of chemokines that attract granulocytes, which
are important in the first phase of an acute inflammation caused
by microorganisms (neutrophils) or parasites (eosinophils and
basophils), were increased by mainly the c9,t11 CLA isomer. On
the other hand, concentrations of chemokines more related to
monocyte and lymphocyte migration were hardly affected and
even tended to be lowered. Therefore, the expression profiles of
both CLA isomers, and particularly that of c9,t11 CLA, sug-
gested improved resistance against pathogens. Animal studies
have indeed reported that CLA increased resistance to infections
(4). Also in humans, 12 wk of consumption of 1.7 g/d of a 50:50
mixture of c9,t11/t10,c12 CLA isomers beneficially affected the
initiation of a specific antibody response toward hepatitis B vac-
cination, indicating enhanced immune function (25). However, a
similar approach to test the effects of consumption of 3.9 g/d of
a CLA mixture for 9 wk on antibody response toward an in-
fluenza vaccine was not successful (34). The lack of effect in this
study could be due to the wide range of CLA isomers in the mix-
ture (t10,c12, 22.6%; c11,t13, 23.6%; c9,t11, 17.6%; t8,c10,
16.6%; other isomers 19.6%). The effects on growth factors and
cytokines cannot easily be interpreted. Again, effects of the
c9,t11 CLA on each of the detectable proteins were more pro-
nounced. The concentrations of the colony-stimulating factor
MCSF (also called CSF-1) and of interferon-γ, which both stim-
ulate monocyte/macrophage cells, were increased. The cytokine
IL-1α, which is produced by macrophages, was, however, de-
creased. The increase in IL-2 expression in the c9,t11 CLA group
has also been reported in mice (4). Whether our findings are fa-
vorable or not is difficult to conclude. On one hand, the changes
in the inflammation parameters could result in increased resis-
tance against pathogens. On the other hand, increased plasma
concentrations of inflammatory markers (e.g., MCP-1) may be
related to increased cardiovascular risk, especially in a high CHD
risk population (12–14).

The antibody array did suggest modest decreases in leptin
concentrations in both CLA groups. Decreases in leptin levels
were also shown in mice models and a similar tendency was seen
in rats (35). In humans, effects on leptin are contradictory. Med-
ina et al. (36) showed a significant decrease only after 7 wk,
which returned to baseline after 9 wk of intervention with a CLA

mixture. Two other studies showed no effects on leptin levels
after 12 wk and after 1 yr (37,38).

Thus, there are no effects of a daily consumption of 3 g of the
c9,t11 or t10,c12 CLA isomer on ex vivo LPS-stimulated cy-
tokine production by PBMC and by whole blood in moderately
overweight subjects with a high risk for CHD. Also, plasma CRP
concentrations did not change. However, inflammatory signa-
tures in nonstimulated fasting plasma raised the hypothesis that
both CLA isomers enhanced immune function—in particular an
increased resistance against pathogens—with more pronounced
effects of the c9,t11 CLA isomer. These effects, however, should
be confirmed in future studies for the individual cytokines,
chemokines, and growth factors.
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ABSTRACT: Dietary sitostanol has a hypocholesterolemic effect
because it decreases the absorption of cholesterol. However, its
effects on the sitostanol concentrations in the blood and tissues
are relatively unknown, especially in patients with sitosterolemia
and xanthomatosis. These patients hyperabsorb all sterols and fail
to excrete ingested sitosterol and other plant sterols as normal peo-
ple do. The goal of the present study was to examine the absorba-
bility of dietary sitostanol in humans and animals and its potential
long-term effect. Two patients with sitosterolemia were fed the
margarine Benecol (McNeill Nutritionals, Ft. Washington, PA),
which is enriched in sitostanol and campestanol, for 7–18 wk.
Their plasma cholesterol levels decreased from 180 to 167 mg/dL
and 153 to 113 mg/dL, respectively. Campesterol and sitosterol
also decreased. However, their plasma sitostanol levels increased
from 1.6 to 10.1 mg/dL and from 2.8 to 7.9 mg/dL, respectively.
Plasma campestanol also increased. After Benecol withdrawal, the
decline in plasma of both sitostanol and campestanol was very
sluggish. In an animal study, two groups of rats were fed high-cho-
lesterol diets with and without sitostanol for 4 wk. As expected,
plasma and liver cholesterol levels decreased 18 and 53%, respec-
tively. The sitostanol in plasma increased fourfold, and sitostanol
increased threefold in skeletal muscle and twofold in heart mus-
cle. Campestanol also increased significantly in both plasma and
tissues. Our data indicate that dietary sitostanol and campestanol
are absorbed by patients with sitosterolemia and xanthomatosis
and also by rats. The absorbed plant stanols were deposited in rat
tissues. Once absorbed by sitosterolemic patients, the prolonged
retention of sitostanol and campestanol in plasma might increase
their atherogenic potential.

Paper no. L9750 in Lipids 40, 919–923 (September 2005).

In the 1950s, Peterson demonstrated that plant sterols had a
plasma cholesterol-lowering effect in chickens fed cholesterol
(1). Further studies in other animals, and later in humans, doc-
umented that the decreased plasma cholesterol levels occurred
because of decreased cholesterol absorption (2,3). Sitosterol,
the most common plant sterol, was later marketed as a choles-

terol-lowering drug, but its effect was mild and it fell into dis-
use. Excellent reviews of this subject are found in Kritchevsky
and others (2,3).

Recently, there has been interest in both sitosterol when es-
terified and a saturated sterol derived from sitosterol, sitostanol.
Like sitosterol, sitostanol interferes with cholesterol absorption
(4–6). When consumed in margarine, sitostanol produced, on
average, a 10% reduction of plasma cholesterol and a 12%
LDL cholesterol-lowering effect (7). Sitostanol may be helpful
in the therapy of hypercholesterolemic patients and in sitos-
terolemia in which hyperabsorption of all sterols occurs (8,9).

Sitosterolemia with xanthomatosis was first described in
1974 by Bhattacharyya and Connor (10). High levels of plant
sterols were found in the patients’ blood and tissues. The cause
was twofold: (i) hyperabsorption of all sterols, including the
usually poorly absorbed plant sterols, and (ii) poor excretion of
sterols by the liver (10–13). The major clinical manifestations
included tendon xanthomas of the extensor tendons, and tuber-
ous xanthomas of the skin of the elbows and knees, premature
atherosclerosis and coronary heart disease (11–14). Recent
studies indicated that this Niemann-Pick C1 like 1 (NPC1L1)
gene is critical for cholesterol absorption (15) and also sug-
gested that this disorder is caused by mutations in either of two
genes that encode the ATP binding cassette (ABC) half trans-
porters, ABCG5 and ABCG8 (16,17).

In 1995, Lutjohann et al. (4) treated two sitosterolemic pa-
tients with sitostanol for 4 wk. They observed decreased
plasma cholesterol and sitosterol levels in these patients. These
authors reported that sitostanol was not absorbed to a signifi-
cant degree in patients with sitosterolemia. They therefore con-
cluded that oral administration of sitostanol was a new ap-
proach for the treatment of these patients. However, after feed-
ing 2063 mg a day of a plant sterol mixture as a spread for
10–12 weeks to heterozygotes for sitosterolemia, Kwiterovich
et al. (18) recently found significant increases in both campes-
terol and sitosterol levels in the plasma of these relatives. No
sitostanol was fed. The authors discussed their concern about
implications for development of coronary heart disease when
plasma plant sterol levels were elevated.

In the present study, we examined the changes of plasma
sitostanol and campestanol of two patients with sitosterolemia
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and xanthomatosis after consuming a diet rich in sitostanol and
campestanol. In a parallel study, we determined the effects of
dietary sitostanol and campestanol on the levels of these stanols
in both blood and tissues of a rat model.

METHODS

Human study. (i) Description of patients. The first patient was
a 70-yr-old Japanese–Canadian woman with sitosterolemia and
xanthomatosis, diagnosed in 1994. She weighed 44 kg and was
1.5 m in height. Her plasma cholesterol was 180 mg/dL, and
her plasma plant sterol/stanol levels totaled 25.2 mg/dL (12%
of the total sterol/stanol levels). The second patient was a 14-
yr-old Hispanic girl diagnosed with sitosterolemia in 1994 at
the age of five. She weighed 34 kg and was 1.46 m in height.
Her plasma cholesterol level was 153 mg/dL, and her plasma
total plant sterol/stanol levels were 36.5 mg/dL (19% of the
total sterol/stanol levels).

(ii) Diet and Benecol margarine supplement. Throughout
the study period, patients were instructed to maintain a sterol-
free diet. Counseling with General Clinical Research Centers
(GCRC) dietitians and obtaining special sterol-free diet recipes
designed by the GCRC dietitians achieved this. Each patient
was given three packages of Benecol margarine (McNeill Nu-
tritionals, Ft. Washington, PA) a day. Benecol margarine con-
tained mainly stanols (campestanol and sitostanol). Each pack-
age of Benecol contained 744 mg sitostanol, 281 mg campes-
tanol, and 14 mg sitosterol. The dietitians recorded the actual
consumption.

On average, patient #1 consumed 2.7 packets of Benecol
margarine per day, containing a total of 2009 mg/d of
sitostanol, for 7 wk. Blood samples were collected at baseline
and at 7 wk during the Benecol supplement, and 12 wk after
Benecol was withdrawn from the diet.

Patient #2 consumed 2.3 packages of Benecol margarine per
day (1713 mg/d sitostanol) for 18 wk. Blood samples were
taken at baseline and at 3 and 10 wk during Benecol feeding.
Because of logistic difficulty, the 18-wk sample was not ob-
tained. Blood was analyzed 43 wk after Benecol was with-
drawn from the diet.

The design of the rat study of dietary sitostanol and campes-
tanol. Eighteen young male Wistar rats (weight 130–150 g)
were divided into two groups. The experimental group was fed

standard rat chow containing 5% lard, 0.5% cholesterol, and
0.5% stanols (sitostanol/campestanol comparable to Benecol
provided by B.C. Chemicals, Vancouver, Canada). The control
group was fed the same diet without stanols. The sterol com-
position of the control and experimental diet is presented in
Table 1. After consuming the respective diets for 4 wk, these
rats were killed; and the plasma, liver, heart, and skeletal mus-
cle were collected for analysis.

Biochemical analyses. The sterols and stanols of plasma
were analyzed by a method reported previously (19). Plasma
samples were saponified with alcoholic KOH, and the sterols
were extracted with hexane. Trimethylsilyl ether derivatives of
these sterols were subjected to analysis by a gas–liquid chro-
matograph equipped with a hydrogen FID (Model 8500;
PerkinElmer, Norwalk, CT) and containing a nonpolar 30-m
SE-30 capillary column (Alltech, Deerfield, IL) with 0.25-mm
i.d. and 0.25-µm film thicknesses. Cholestane was used as the
internal standard. The temperatures of column, detector, and
injection port were 240, 280, and 280°C, respectively. Helium
was used as the carrier gas. The relative retention time (related
to cholestane) was 2.07 for cholesterol, 2.65 for campesterol,
2.86 for stigmasterol, 3.28 for sitosterol, and 3.39 for sitostanol.

The lipids of the Benecol margarine supplement and rat tis-
sues were extracted by the method of Folch, Lees, and Sloane
Stanley (20). The lipid extracts were saponified with alcoholic
KOH. The recovered sterols and stanols were analyzed by the
GLC system just described. To avoid blood contamination, tis-
sues were washed three times with saline and blotted dry be-
fore lipid extractions..

Statistical analysis. Statistical analysis was performed using
the SPSS statistical software package 10 (SPSS, Chicago, IL)
(21). All results were expressed as a mean ± SD.

RESULTS

Human studies in the sitosterolemic patients. After consuming
Benecol in the diet, there were uniform decreases in plasma
sterols and increases in the plasma stanols of these patients
(Table 2, Fig. 1). After 7 wk of Benecol feeding, the plasma
cholesterol level in patient #1 decreased from 180 to 167
mg/dL and rebounded to 179 mg/dL 12 wk after Benecol was
withdrawn from the diet. The plasma campesterol level de-
creased from 8.4 mg/dL at baseline to 6.0 mg/dL after 7 wk of
Benecol feeding, and it did not change at 12 wk after the sub-
sequent Benecol-free diet. Sitosterol decreased from 14.7
mg/dL at baseline to 10.1 mg/dL at 7 wk and increased slightly
after withdrawing Benecol from the diet. In contrast, the
plasma campestanol level of this patient increased from 0.5 to
5.2 mg/dL at 7 wk and had only decreased to 3.6 mg/dL after
12 wk of the Benecol-free diet (Fig. 1). Sitostanol increased
from 1.6 mg/dL at baseline to 10.1 mg/dL at 7 wk and only
dropped to 6.2 mg/dL after 12 wk on the Benecol-free diet.

Similar results occurred in patient #2 (Table 2, Fig. 1). Her
plasma cholesterol decreased from 153 mg/dL at baseline to
146 mg/dL at 3 wk and to 113 mg/dL at 10 wk after Benecol
feeding. The cholesterol level returned to 137 mg/dL after

920 W.E. CONNOR ET AL.

Lipids, Vol. 40, no. 9 (2005)

TABLE 1 
Sterol and Stanol Content of the Control and Experimental Diets
in Rat Studies (mg/kg chow)

Sterols Control Experimental

Cholesterol 5,280 5,278

Campesterol 38 38

Stigmasterol 16 16

Sitosterol 178 177

Campestanol 6 1,006

Sitostanol 27 4,027

Total 5,545 10,542



Benecol was removed from her diet for 43 wk. Campesterol
dropped from 12.4 to 6.2 mg/dL at 3 wk and was 7.9 mg/dL at
10 wk. It increased to 9.2 mg/dL after the Benecol-free diet.
Plasma sitosterol decreased from 20.1 mg/dL at baseline to
17.2 mg/dL at 3 wk and 16.3 mg/dL at 10 wk. It remained at
17 mg/dL without Benecol in the diet. Opposite changes were
seen in the plasma stanols (Fig. 1). The plasma campestanol in-
creased from 0.6 mg/dL at baseline to 0.7 mg/dL at 3 wk and
2.0 mg/dL at 10 wk. After withdrawing Benecol from the diet
for 43 wk, its level remained at 2.0 mg/dL. The plasma
sitostanol rose from 2.8 to 3.7 mg/dL at 3 wk and 7.9 mg/dL at
10 wk. Plasma sitostanol remained high at 5.6 mg/dL after the
patient had consumed a Benecol-free diet for 43 wk.

The effects of dietary sitostanol and campestanol in the rat.
Dietary sitostanol and campestanol significantly increased the
plasma stanols in the rats consuming the diet containing stanols
(Table 3, Fig. 2). The plasma sitostanol increased from 0.05 to
0.2 mg/dL. Campestanol increased from zero to 0.3 mg/dL.
These stanols were subsequently deposited into various tissues
(Table 3, Fig. 2). In the liver, campestanol increased from zero
to 19.0 µg/g while the sitostanol concentration remained the
same. In skeletal muscle, campestanol increased from 1.1 to
3.7 µg/g and sitostanol increased from 2.6 to 8.4 µg/g. In heart
muscle, campestanol increased from 8.7 to 18.1 µg/g and
sitostanol increased from 6.0 to 14.6 µg/g. Thus, these two
stanols not only were absorbed but also were deposited in the
tissues.

DISCUSSION

It was not too surprising that dietary sitostanol decreased
plasma cholesterol levels in both the sitosterolemic patients and
the animals. Several studies had already demonstrated that di-
etary sitostanol decreases plasma cholesterol by reducing cho-
lesterol absorption in normal subjects as well as in sitos-
terolemic patients (4–6). It was, however, unexpected to find
the sharp increases of plasma stanols after Benecol feeding be-
cause we had assumed that these dietary stanols would not be
absorbed. For our two patients, who consumed 2009 and 1713

mg of sitostanol per day for 7 and 10 wk, their plasma
sitostanol level increased 531 and 182%, respectively. These
results are quite different from the results of Lutjohann et al.
(4). They fed 1500 mg sitostanol per day to two sitosterolemic
patients for 4 wk. They observed decreased plasma cholesterol
levels and reduced cholesterol absorption, with little to no
change in plasma stanol concentrations. Because the recovery
of deuterated sitostanol was similar to that of Cr2O3, a nonab-
sorbable marker, these authors concluded that sitostanol was
not absorbed to a significant degree in patients with sitos-
terolemia. The reason for these divergent results may be that
the sitostanol in gelatin capsules was poorly absorbed in con-
trast to our study in which the sitostanol was incorporated in a
margarine as a sitostanol ester and given with other foods. Mi-
cellar formation of sterols is enhanced by the concurrent pres-
ence of dietary fat. Further, in contrast to only 4 wk of
sitostanol feeding, we fed Benecol to our patients for 7 and 10
wk, respectively.
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TABLE 2 
Changes of Plasma Sterols and Stanols of Sitosterolemic Patients Before, During, and After the Administration
of Benecol Margarine

Plasma sterols and stanols (mg/dL)

Patient 1 Patient 2

Baseline Benecol (+) Benecol (−) Baseline Benecol (+) Benecol (−)

Sterols and stanols 7a 12b 3a 10a 43b

Cholesterol 180 167 179 153 146 113 137

Campesterol 8.4 6.0 6.0 12.4 6.2 7.9 9.2

Stigmasterol — — — 0.6 — — 0.9

Sitosterol 14.7 10.1 11.6 20.1 17.2 16.3 17.0

Campestanol 0.5 5.2 3.6 0.6 0.7 2.0 2.0

Sitostanol 1.6 10.1 6.2 2.8 3.7 7.9 5.6

Total sterols plus stanols 205 198 206 190 174 147 172
aWeeks after Benecol feeding.
bWeeks after withdrawing Benecol.

FIG. 1. The changes of plasma campestanol and sitostanol of two sitos-
terolemic patients consuming diets with and without Benecol (patient
#1 after 7 wk Benecol and 12 wk after its withdrawal; patient #2 after
10 wk Benecol and 43 wk after its withdrawal).
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In the rat study, the feeding of the stanol mixture (compara-
ble to Benecol) for 4 wk resulted in significant increases in the
concentrations of plasma campestanol and sitostanol, a result
similar to the increased plasma stanols observed in our two
sitosterolemic patients. Concurrently, there was a significant
increase of these two stanols in the liver, skeletal muscle, and
heart muscle of these rats. Based on these observations, we hy-
pothesize that the increase of stanols in the plasma after
sitostanol feeding probably would result in higher tissue stanol
content in these sitosterolemic patients. Incidentally, previous
studies showed that plasma sterols were deposited in all the tis-
sues in these patients (except brain) in the same proportion as
theywere present in plasma (10,11).

Sitosterolemic patients may have normal plasma cholesterol
levels and elevated plasma plant sterols, although their plasma
total sterols levels are usually much lower than in hypercholes-
terolemic patients. Yet, premature atherosclerosis with death
has been observed in these patients (11–13). Thus, dietary
sitosterol is pathologic in the patients with sitosterolemia (12).
Dietary sitosterol might even be more atherogenic than dietary
cholesterol. In a cross-sectional study, Glueck and coworkers
(22) reported such modestly elevated levels of plant sterols in
probands and relatives from families with premature coronary
heart disease. Sitostanol may be similar to sitosterol in this as-
pect. Recently, we found that sitosterol and sitostanol were
much less esterified by the ACAT enzyme than was cholesterol
(Connor, W.E., and Lin, D.S., unpublished data). This may re-
sult in more of the free form of these sterols in the tissues. Free
sterols are more toxic than esterified sterols (23). Furthermore,
in the current study, the turnover of plasma sitostanol was very
sluggish (Fig. 1). It has already been documented that the
turnover of sitosterol in these patients was very slow (12,24).
Therefore, the increased plasma stanols from sitostanol and
campestanol feeding to these patients could result in undesir-
able consequences. It is noteworthy that in a recent report, eze-
timibe, a compound known to reduce cholesterol absorption,
reduced both plasma cholesterol and plant sterols (25).

Our data indicate that the rat is capable of absorbing stanols
from the diet and develops increased sitostanol and campestanol
levels in both plasma and tissues after sitostanol feeding. As rats
and humans absorb dietary cholesterol similarly (26,27), the rat
seems a good model for sterol metabolism in the human intesti-
nal tract.

Sitostanol and campestanol have been incorporated into a
margarine, Benecol, which is recommended to the public for
daily use to decrease plasma cholesterol levels. From our study,
sitostanol and campestanol are absorbed by rats and by humans
as well. The consequences of long-term daily consumption of
Benecol and the possible accumulation of these stanols in the
tissues should be considered. Similar considerations would
apply to the use of another margarine, Take Control (Lipton,
Englewood Cliffs, NJ), which contains a sitosterol ester.
Clearly, neither of these margarines would be recommended
for sitosterolemic patients. However, even their use in other pa-
tients would present the human intestinal tract with enormous
quantities of plant sterols and stanols, up to 10 times or more
the usual intake of plant sterols in the United States (28). 

Thus, margarines containing sitostanol (Benecol) or sitos-
terol itself (Take Control) could be hazardous to patients with
sitosterolemia and xanthomatosis, and we recommend that they
be strictly avoided just as other margarines and liquid vegetable
oils containing other plant sterols should be. Medium-chain TG
oil would be an exception since it is virtually sterol-free (29).
Furthermore, the balance of benefit and possible drawbacks of
the long-term feeding of pharmacological amounts of sitostanol
and sitosterol in the human diet needs to be evaluated.
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TABLE 3
Effects of Dietary Sitostanol/Campestanol on the Sterol and Stanol Composition of Plasma (mg/dL plasma) and Tissues
(mg/g dried wt) in Control (n = 9) and Experimental Rats (n = 9)

Sterols and Plasma Liver Skeletal muscle Heart muscle

Stanols Control Expl.a Control Expl.a Control Expl.a Control Expl.a

Cholesterol 98.6‡ ± 7.1 80.7± 5.2 16,109 ± 3,154 7,579+ ± 1,944 948 ± 359 891 ± 513 2,407 ± 1,043 2,781 ± 1,035
Campesterol 0.8 ± 0.2 0.5*** ± 0.1 91 ± 25 37+ ± 16 6.1 ± 2.4 5.9 ± 2.8 22.0 ± 9.4 19.4 ± 8.0
Stigmasterol 0.1 ± 0.05 0.03*** ± 0.02 35 ± 17 13*** ± 9 2.4 ± 1.3 5.5 ± 5.4 15.1 ± 10.4 10.9 ± 7.2
Sitosterol 0.6 ± 0.01 0.4*** ± 0.08 37 ± 17 24 ± 14 8.0 ± 4.0 21.3* ± 18.4 24.7 ± 12.1 30.8 ± 12.1
Campestanol —b 0.3+ ± 0.07 —b 19 ± 6.6 1.1 ± 0.05 3.7* ± 3.3 8.7 ± 2.2 18.1*** ± 7.7
Sitostanol 0.05 ± 0.02 0.2+ ± 0.06 7.3 ± 4.1 8.7 ± 5.6 2.6 ± 1.7 8.4* ± 7.7 6.0 ± 3.5 14.6* ± 9.2
aExperimental vs. control group: *P < 0.05; **P < 0.01; ***P < 0.005; +P < 0.001; ‡ mean ± SD.
bNot detectable.

FIG. 2. Sitostanol content in plasma and tissues of control and experi-
mental rats (n = 9 each).
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ABSTRACT: We have reported that dietary fish oil (FO) leads to
the incorporation of long-chain n-3 PUFA into the gut tissue of
small animal models, affecting contractility, particularly of rat
ileum. This study examined the FO dose response for the incor-
poration of n-3 PUFA into ileal tissue and how this correlated
with in vitro contractility. Groups of ten to twelve 13-wk-old Wis-
tar-Kyoto rats were fed 0, 1, 2.5, and 5% FO-supplemented diets
balanced with sunflower seed oil for 4 wk, after which ileal total
phospholipid FA were determined and in vitro contractility as-
sessed. For the total phospholipid fraction, increasing the dietary
FO levels led to a significant increase first evident at 1% FO, with
a stepwise, nonsaturating six-fold increase in n-3 PUFA as EPA
(20:5n-3), DPA (docosapentaenoic acid, 22:5n-3), and DHA, but
mainly as DHA (22:6n-3), replacing the n-6 PUFA linoleic acid
(18:2n-6) and arachidonic acid (20:4n-6) over the dosage range.
There was no difference in KCl-induced depolarization-driven
contractility. However, a significant increase in receptor-depen-
dent maximal contractility occurred at 1% FO for carbachol and
at 2.5% FO for prostaglandin E2, with a concomitant increase in
sensitivity for prostaglandin E2 at 2.5 and 5% FO. These results
demonstrate that significant increases in ileal membrane n-3
PUFA occurred at relatively low doses of dietary FO, with differ-
ential receptor-dependent increases in contractility observed for
muscarinic and prostanoid agonists.

Paper no. L9760 in Lipids 40, 925–929 (September 2005).

Recent studies in our laboratory have revealed that dietary fish
oil (FO) rich in n-3 PUFA as EPA (20:5n-3) and DHA (22:6
n-3) can modulate gut contractility in isolated tissue from small
animal models (1,2). In healthy Sprague-Dawley (SD) rats fed
FO, there was an increase in the maximal contraction of ileum
to muscarinic and eicosanoid agonists that was not evident for
colon (2). Further studies with spontaneously hypertensive rats
(SHR) demonstrated diminished ileal and colonic responses to
prostaglandins (PG) E2 and F2α (3) that were restored in ileum,
but not colon, with 5% FO feeding (4). This PG-induced in-
crease in ileal contractility was not evident for α-linolenic acid-
rich (18:3n-3) canola oil (4). For SHR, FO feeding also led to a
significant increase in acetylcholine-driven maximal contrac-
tion in colonic tissue that was not manifest in normotensive SD
rats (2). These changes in functionality for SHR were corre-

lated with an increase in ileal tissue total phospholipid FA with
DHA as the active agent, but not EPA (4).

It is yet to be established at what lower dosage the dietary
n-3 PUFA from FO can affect gut contractility. To date, rela-
tively high concentrations of 5–10% dietary FO have been used
in our laboratory (2,4) for periods of between 4 and 12 wk. This
resulted in increased total phospholipid n-3 PUFA incorpora-
tion into gut tissue that was dependent on the ratio of EPA to
DHA in the FO (2,4). A recently published time and dose study
has demonstrated that erythrocyte and cardiac membrane n-3
PUFA concentrations derived from dietary FO were maximal
at 4 wk (5), with significant increases in tissue total phospho-
lipid n-3 PUFA evident at 1.25% dietary FO. Until recently, lit-
tle attention has been paid to the role of dietary FO in gut mem-
brane FA profiles and how this may relate to the physiology of
contraction (2,4). Therefore, the aims of this study were to
evaluate a dosage range for dietary FO rich in DHA fed to Wis-
tar-Kyoto (WKY) rats for 4 wk on ileal n-3 PUFA levels and to
assess how this correlated with nonreceptor- and receptor-in-
duced ileal contractility.

MATERIALS AND METHODS

Animals and diets. Male WKY rats were purchased from the
Animal Resource Centre (Canning Vale, Western Australia,
Australia) at 12 wk of age and housed in the small animal
colony of CSIRO Human Nutrition. The rats were fed a stan-
dard commercial laboratory rat chow containing approximately
5% fat with a low n-3 PUFA content (Glen Forrest Stockfeed-
ers, Glen Forrest, Western Australia, Australia) and water ad
libitum for 1 wk to acclimatize them. They were subjected to a
12-h light/dark cycle at 23°C. The rats were housed and the ex-
periment conducted with the approval of the CSIRO Human
Nutrition animal ethics committee.

At 13 wk of age, the rats were separated into 4 dietary
groups of 10–12, housed 3–5 per cage, and fed synthetic diets
ad libitum for 4 wk. To avoid oxidation, diets were stored at
−20°C and changed daily. The isoenergetic semipurified diets
were based on the AIN-93M diet (6) and contained (g/kg): ca-
sein, 180; mineral mix, 35; vitamin mix, 10; α-cellulose, 50;
cornstarch, 580.7; L-cysteine, 1.8; choline chloride, 2.5; and
sucrose, 90. In addition, the diets contained 0, 1, 2.5, and 5%
FO high in DHA (0, 10, 25, and 50 g/kg) at 41% n-3 PUFA
with a DHA/EPA ratio of 30.3:8.4 by GLC analysis (HiDHA®;
Clover Corporation Ltd., Altona North, Victoria, Australia),
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balanced with 5, 4, 2.5, and 0% sunflower seed oil (50, 40, 25,
and 0 g/kg) rich in linoleic acid (18:2n-6) (61%) (Goodman
Fielder Pty. Ltd., North Ryde, Sydney, New South Wales, Aus-
tralia). The FA compositions of the diets are shown in Table 1.

Diet FA content. Increasing the FO content of the synthetic
diets from 0 to 5% progressively increased the content of n-3
PUFA as EPA, docosapentaenoic acid (DPA), and DHA, but
mainly as DHA (Table 1). At 5% FO in the diet, the total n-3
PUFA content of the diet FA pool was 28%. There was also a
concomitant increase in saturated fat from the FO with a de-
crease in PUFA mainly as linoleic acid (18:2n-6), with mini-
mal change in the level of monounsaturated FA (Table 1).

Tissue collection. At the completion of the 4-wk feeding ex-
periment, the rats were anesthetized with Nembutal (sodium
pentobarbitone, 60 mg/kg intraperitoneal) and killed by exsan-
guination. The small intestine was removed and prepared for
physiological recordings as described previously (1,2,4,7). Tis-
sue samples of distal ileum were snap-frozen in liquid nitrogen
at −80°C for later tissue total phospholipid FA analysis.

Total phospholipid FA analysis of tissue. Small frozen sec-
tions (150 mg) of ileal tissue were ground in a glass homoge-
nizer, the total lipids were extracted in methanol/chloro-
form/water (2:4:1) and separated by TLC, and the FA were
methylated and analyzed by GLC as described previously (1,2).

Physiological recording of ileal contractility. Sections of the
distal ileum (approximately 4 cm) were secured by suture cot-
ton, at the proximal end of the tissue, to a small plastic plug
connected to a glass plug via a plastic sleeve at the bottom of a
water-jacketed glass chamber. The distal end of the tissue was
connected to the free end of a 15-cm arm of an isotonic trans-
ducer (catalog #60–3001; Harvard Bio-science, South Nattick,
MA) by a short length of suture cotton. The transducer was sus-
taining 0.5 g of tension at the other end. A 15° rotation of the
torsion arm was equivalent to 2 V. Results are given as volts
per gram of ileal tissue (V/g). The buffer conditions and con-

traction properties were determined as described previously
(1–4,7). Initially, tissue was elicited to contract receptor-inde-
pendently by KCl-induced depolarization stepwise at 10, 20,
and finally 30 mmol/L, which gave the maximal contraction in
this system, and was then washed out. After 15 min to stabi-
lize, the tissue was contracted sequentially by the receptor-
dependent agonists carbachol and PGE2. Dose–response curves
were generated by the cumulative addition of the agents added
as a small bolus to the incubating tissue (2–4). The weights of
the ileal tissue for the 0, 1, 2.5, and 5% FO treatments (g ±
SEM) used in the organ chambers were 0.138 ± 0.003, 0.139 ±
0.002, 0.144 ± 0.004, and 0.148 ± 0.005, respectively, and they
were not significantly different.

Pharmacologic agents and suppliers. Carbamylcholine
chloride (carbachol) and fine chemicals, including KCl, were
from Sigma Chemical (Sydney, New South Wales, Australia).
PGE2 was from Sapphire Bioscience (Crows Nest, New South
Wales, Australia).

Data analysis. Data are shown as means ± SEM. A statisti-
cal evaluation was performed by ANOVA, with a Bonferroni
post test when P < 0.05, or by using Dunnett’s multiple com-
parison post test with 0% FO as the control, performed to gen-
erate a q value and to determine when P < 0.05. The EC50
(nmol/L) and maximal ileal contraction values (V/g of tissue)
were determined from concentration dose curves using graph
fits in GraphPad Prism 4.0 (GraphPad Software, San Diego,
CA) with R2 values > 0.99.

RESULTS

Ileal membrane lipid composition. With a diet containing 5%
fat as a combination of sunflower seed oil and increasing FO
rich in DHA, there was no change in ileal membrane total satu-
rated or polyunsaturated fat, and only a modest increase in total
monounsaturated at 5% FO. However, there was a significant
incremental increase in total n-3 PUFA as EPA, DPA, and DHA
(Fig. 1), with a concomitant decrease in n-6 PUFA as linoleic
and arachidonic acid (Table 2).
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TABLE 1
FA Composition of Experimental FO-Supplemented Dietsa

FA 0% FOb 1% FO 2.5% FO 5% FO

g/100 g FA

14:0 0.5 1.2 2.1 3.8
16:0 7.6 10.8 15.3 23.4
18:0 4.1 3.6 5.7 6.6
18:1n-9 25.0 23.9 22.2 19.0
18:2n-6 60.9 51.7 35.4 7.0
20:5n-3 0.0 1.0 2.5 5.4
22:5n-3 0.0 0.2 0.5 1.1
22:6n-3 0.0 3.9 9.7 21.1
Σ Saturated 13.1 16.2 23.8 35.2
Σ Monounsaturated 25.5 26.0 26.7 27.7
Σ Polyunsaturated 61.4 57.8 49.6 37.1
Σ n-6 60.9 52.2 36.2 9.0
Σ n-3 0.5 5.6 13.3 28.1
n-6/n-3 120.7 9.3 2.7 0.3
aValues are means of two samples performed in duplicate. Percentages were
derived from the full FA set.
bDiets were complemented with sunflower seed oil to include 5 g fat/100 g
total per diet. FO, fish oil.

FIG. 1. Dose–response of dietary fish oil (FO) on the n-3 PUFA compo-
sition of the ileal total phospholipid fraction from Wistar-Kyoto (WKY)
rats. Values are mean ± SEM for n = 5 rats. *Denotes a significant differ-
ence from the control (0% FO) diet by ANOVA, P < 0.05.



Receptor-independent-induced ileal contraction. There
were no significant differences for 10 (results not shown), 20,
or 30 mmol/L KCl-induced ileal contractility for the 0, 1, 2.5,
and 5% FO treatments. Contraction values (V/g) at 20 mmol/L
KCl were 10.8 ± 1.1, 10.2 ± 0.6, 10.4 ± 1.1, and 10.8 ± 1.0, and
the maximal contraction values at 30 mmol/L KCl were 11.8 ±
1.4, 11.9 ± 0.9, 11.8 ± 1.3, and 11.9 ± 1.0 for 0, 1, 2.5, and 5%
FO treatments, respectively, for n = 10–12 rats, performed in
duplicate (Fig. 2).

Receptor-induced ileal contraction. Significant increases in
ileal receptor-mediated maximal contraction (V/g) occurred at
1 and 5% FO diets for carbachol compared with the 0% FO
control (Fig. 3). There was also a trend for increased contrac-
tion at 2.5% FO that did not quite reach significance. There
were no changes in sensitivity (EC50) values across the FO
diets for carbachol. For PGE2, there was a significant increase

in maximal contractility at 2.5 and 5% FO, with a concomitant
increase in sensitivity (lower EC50) compared with the 0% FO
control (Fig. 4). The EC50 (nmol/L) and maximal contraction
values (V/g) derived from Figures 3 and 4 are given in Table 3.

DISCUSSION

A recent time-course study with rats (5) has indicated that tis-
sue n-3 PUFA incorporation plateaued at 4 wk in erythrocyte
and cardiac tissue. We have previously determined that dietary
FO doses of 5–10% fed for 4–12 wk maximally increased the
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TABLE 2
FA Levels of the Total Phospholipid Fraction of Ileum from WKY Rats Fed FO-Supplemented
Diets for 4 wka

FA 0% FO 1% FO 2.5% FO 5% FO

g/100 g FA

16:0 26.8 ± 0.5a 27.2 ± 0.6a 28.6 ± 0.3a,b 29.3 ± 0.3b

18:0 29.1 ± 0.3a 28.3 ± 0.2a,b 27.9 ± 0.1b 27.4 ± 0.2b

24:0 4.9 ± 0.2a 3.5 ± 0.1b 2.6 ± 0.1c 2.0 ± 0.1d

18:1n-9 9.7 ± 0.1a 9.9 ± 0.1a 10.1 ± 0.2a 11.7 ± 0.2b

18:2n-6 8.7 ± 0.9a 7.8 ± 0.5a 7.4 ± 0.2a 3.7 ± 0.2b

20:4n-6 12.2 ± 0.3a 11.4 ± 0.5a 9.5 ± 0.4b 8.7 ± 0.2b

20:5n-3 0.1 ± 0.0a 0.3 ± 0.0b 0.7 ± 0.0c 2.0 ± 0.3d

22:5n-3 0.3 ± 0.0a 0.8 ± 0.0b 1.1 ± 0.0c 1.4 ± 0.1d

22:6n-3 1.2 ± 0.2a 3.5 ± 0.2b 4.8 ± 0.2c 6.3 ± 0.2d

Σ Saturated 64.4 ± 0.9a 62.5 ± 1.0a 62.6 ± 0.5a 62.1 ± 0.5a

Σ Monounsaturated 11.4 ± 0.2a 12.0 ± 0.2a,b 12.6 ± 0.2b 14.9 ± 0.4c

Σ Polyunsaturated 24.2 ± 0.8a 25.4 ± 0.8a 24.9 ± 0.4a 23.0 ± 0.4a

Σ n-6 22.6 ± 0.9a 20.9 ± 0.9a,b 18.4 ± 0.6b 13.2 ± 0.3c

Σ n-3 1.6 ± 0.2a 4.5 ± 0.2b 6.5 ± 0.2c 9.8 ± 0.4d

n-6/n-3 16.4 ± 0.9a 4.7 ± 0.3b 2.8 ± 0.2c 1.4 ± 0.1c

aValues are means ± SEM for n = 5, derived from the full FA set. Means in a row without a common
roman superscript letter differ by ANOVA; P < 0.05. WKY, Wistar-Kyoto; for other abbreviation see
Table 1.

FIG. 2. Effect of 30 mmol/L added KCl on contraction of the ileum from
WKY rats fed 0, 1, 2.5, or 5% FO-supplemented diets. The results are
plotted at means ± SEM for n = 10–12 WKY rats performed in duplicate,
determined as voltage per gram of tissue (V/g). No significant difference
was found between groups. For abbreviations see Figure 1.

FIG. 3. Effect of carbachol dose on the contraction of ileum from WKY
rats fed 0, 1, 2.5, and 5% FO-supplemented diets. The results are plot-
ted as means ± SEM generated from pooled data for contractions from
n = 10–12 rats performed in duplicate determined as V/g tissue. Signifi-
cant differences for individual concentrations determined by one-way
ANOVA with Dunnett’s multiple comparison post tests, with 0% FO as
control, are indicated as follows: at 8 mmol/L, #P < 0.05 for control vs.
1% FO; at 15 and 22 mmol/L, *P < 0.05 for control vs. 1 and 5% FO
diets. The calculated EC50 (nmol/L) and maximal contraction (V/g tis-
sue) for carbachol are shown in Table 3. For abbreviations see Figure 1.



receptor-induced contractility of ileum from normotensive SD
and SHR (2,4). The aims of the present study were to investi-
gate the effect of dietary FO dose on ileal n-3 PUFA incorpora-
tion and to correlate this with receptor-independent (KCl-
induced depolarization) or receptor-dependent (muscarinic and
PG) effects on in vitro contractility after 4 wk of feeding.

Increasing the dietary FO dose led to an increase in total sat-
urated FA levels in the diet that did not translate to an increase
in saturated FA in the total phospholipid fraction of ileum. We
previously showed that the level of dietary saturated fat had lit-
tle effect on the contractility of WKY or SHR gut tissue, al-
though there was a modest increase in n-3 PUFA content (3);
however, it was profoundly affected by n-3 PUFA as EPA and
DHA but not by α-linolenic acid as canola oil at 5% (2,4). Rats
fed diets low in n-3 PUFA had low levels of endogenous gut
n-3 PUFA of around 1–2%. Feeding WKY rats 5% FO high in
DHA for 4 wk resulted in 9.8% total n-3 PUFA (2% EPA, 1.4%
DPA, and 6.3% DHA). We have also fed SD rats similar FO at
10% and achieved 11.9% total ileal n-3 PUFA (2.8% EPA,
1.4% DPA, 7.8% DHA) (8). These experiments suggested that

tissue n-3 PUFA saturates of between 5 and 10% dietary FO
contain high DHA. However, when the diet containing 10%
FO rich in EPA (EPA/DHA, 17:11) with 7% SunolaTM oil was
fed to SD rats for 4 wk (2), the total n-3 PUFA level increased
to 17.4% (9% EPA, 2.2% DPA, and 7.1% DHA). This implied
that while DHA may be saturating, EPA can still be incorpo-
rated into gut smooth muscle membranes and further increase
the n-3 PUFA pool. We have found that in contrast to gut tis-
sue, rat myocardium preferentially accumulated DHA to ap-
proximately 25% with minimal EPA incorporation (< 2%) even
when rats were fed FO high in EPA (9,10). Further experiments
are needed to delineate between the two major n-3 PUFA in di-
etary studies and gut membrane FA incorporation profiles.

It is important to note that in this study, dietary supplemen-
tation of up to 5% FO did not lead to significantly higher ileal
tissue weights when approximately the same experimental tis-
sue lengths were used. This was also observed in our previous
studies in which using 5 and 10% dietary FO did not affect the
experimental weight of rat ileal tissue pieces over tissues of
comparable lengths relative to other fats or dietary elements
(2,4,8). Indeed the calculated densities of the whole small in-
testine with or without FO in the diets were almost identical
(8). This implies that density considerations in contractility
have not been an issue in our studies thus far but are critical
when inflammatory damage is induced by genetic or chemical
means that alters tissue thickness and density (11).

In this study, receptor-independent KCl-induced contractil-
ity (12) in the ileum was not affected by the level of dietary FO.
However, a significant increase in receptor-mediated maximal
contraction (V/g) occurred at 1 and 5% FO for the muscarinic
agonist carbachol and at 2.5 and 5% FO for PGE2, with a con-
comitant increase in sensitivity (lower EC50). This extends pre-
vious studies from our laboratory, which demonstrated a trend
toward increased sensitivity to PGE2 in SD rats in a 10% FO-
treated group (2) that was significant in a larger study for the
SHR strain at 5% FO (4) compared with saturated fat diets. Al-
though dietary saturated fat led to a small increase in total ileal
n-3 PUFA, it did not profoundly influence contractility (2–4).
The threshold for increased receptor-dependent gut contraction
appears to be around 4.5% total tissue n-3 PUFA. It has yet to
be determined whether muscarinic contraction can be influ-
enced with diets lower than 1% FO. We previously showed that
dietary FO does not lead to changes in total muscarinic binding
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FIG. 4. Effect of prostaglandin E2 (PGE2) dose on the contraction of
ileum from WKY rats fed 0, 1, 2.5, and 5% FO-supplemented diets. The
results are plotted as means ± SEM generated from pooled data for con-
tractions from n = 10–12 rats performed in duplicate determined as V/g
tissue. Significant differences for individual concentrations determined
by one-way ANOVA with Dunnett’s multiple comparison post tests,
with 0% FO as control, are indicated as follows: at 30 nmol/L and 100
nmol/L, #P < 0.05 for control vs. 2.5% FO; at 300–10,000 nmol/L, *P <
0.05 for control vs. 2.5 and 5% FO diets. The calculated EC50 (nmol/L)
and maximal contraction (V/g tissue) for PGE2 are shown in Table 3. For
abbreviations see Figures 1 and 3.

TABLE 3
Dose–Response Effect of Dietary FO on EC50 (nmol/L) and Maximal Contraction (V/g tissue)
Values Derived from Concentration-Response Curves for Carbachol and PGE2 Applied to
Ileum from WKY Rats Fed for 4 wk

Agonist 0% FO 1% FO 2.5% FO 5% FO

Carbachol EC50 2,081 ± 260a 2,137 ± 353a 2,051 ± 247a 2,925 ± 230a

V/g 10.2 ± 0.6a 14.4 ± 1.0b 13.4 ± 1.4a,b 14.4 ± 0.9b

PGE2 EC50 1,211 ± 248a 1,293 ± 270a 370  ± 73b 350 ± 83b

V/g 8.2 ± 0.5a 9.1 ± 0.8a 12.0 ± 1.1b 11.4 ± 1.1b

aValues are means ± SEM for n = 10–12 ileal tissues performed in duplicate. Means in a row without
a common roman superscript letter differ by ANOVA; P < 0.05. PGE2, prostaglandin E2; for other ab-
breviations see Tables 1 and 2.



in the ileum of adult rats (4). It is worth noting that tissue PGE2
receptor-binding studies were not investigated in this study. It
is likely, however, that dietary FO and the incorporation of n-3
PUFA into gut membranes influences the postreceptor mecha-
nisms that modulate ion channels and/or Ca2+ handling linked
to electrical coupling and contraction in gut smooth muscle in
a manner analogous to cardiac and vascular smooth muscle
systems (12–16).

The subtle differential in muscarinic and PG sensitivity to
membrane phospholipid n-3 PUFA content and contractility is
yet to be elucidated but may also relate to calcium handling.
However, other intrinsic mechanisms involving the cytosolic
FA-binding proteins described in rat skeletal and cardiac mus-
cle (17) or nuclear proteins such as farnesoid X receptors,
which are antagonized by PUFA (18), may be acting in gut
smooth muscle cells to alter contractility via calcium handling
or via alteration of specific biochemical mediators or signaling
mechanisms as a result of dietary FA composition.

Here we have demonstrated that rat ileal tissue increased
n-3 PUFA content over the range of FO dose used (0–5%) after
4 wk of feeding. The incorporation of n-3 PUFA into the total
phospholipid fraction was significant at 1% FO, at the expense
of n-6 PUFA, and appears to saturate between 5 and 10% FO
when high in DHA. There were no effects on receptor-indepen-
dent (KCl) gut contractility. However, there were significant
increases in muscarinic-induced maximal contraction apparent
at 1% FO as well as increased PG-induced (PGE2) maximal
contraction and sensitivity commencing at 2.5% FO by mecha-
nisms yet to be elucidated but which may involve postreceptor
calcium handling.
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ABSTRACT: The present study tested two techniques for di-
etary supplementation of Crassostrea gigas spat with PUFA,
such as arachidonic acid (AA). The first technique consisted of
a preliminary enrichment and growth of an algal concentrate
(T-ISO, Isochrysis sp.) with AA dissolved in an ethanol solution,
the whole culture then being fed to the spat. This enrichment
increased the AA weight percentage in T-ISO neutral and polar
lipids from 0.6 to 22.4% and from 0.4 to 6.8%, respectively.
The second delivery technique was direct addition separately
of free AA dissolved in ethanol solution and algal concentrate
(T-ISO + AA) to the spat-rearing tank. To test the efficiency of
these delivery techniques, oyster spat were supplemented with
AA-enriched T-ISO, T-ISO + AA, and T-ISO alone. The possible
biological impacts of these dietary treatments were assessed by
measuring growth, condition index, and TAG content of oyster
spat. Dry weight and condition index of spat fed AA-enriched
T-ISO decreased by 24 and 49%, respectively, after 26 d of
feeding; basically, TAG content declined 88% after 34 d of con-
ditioning. When AA was added directly to seawater, spat
growth and condition index were comparable with those of oys-
ters fed T-ISO alone. AA incorporation in oyster tissues was as-
sessed by analysis of the FA compositions in both neutral and
polar lipid fractions. After 34 d, AA content in neutral lipids
reached 7 and 11.7% in the spat fed, respectively, AA-enriched
T-ISO and T-ISO + AA, as compared with 1.1% in spat fed only
T-ISO. AA incorporation was greater in polar lipids than in neu-
tral lipids, reaching 7.8 and 12.5% in spat fed AA-enriched T-
ISO and T-ISO + AA, respectively. A direct addition of PUFA
along with the food supply represents an effective and promis-
ing means to supplement PUFA to oyster spat.

Paper no. L9701 in Lipids 40, 931–939 (September 2005).

In bivalve hatcheries and nurseries, live microalgae are tradition-
ally used as the primary food source. The development of artifi-
cial diets, whose nutritional composition can be precisely manip-
ulated, would facilitate studies of bivalve nutrition. The use of ar-
tificial diets for bivalve aquaculture has been reviewed by Robert

and Trintignac (1) and Knauer and Southgate (2). Microcapsules
of the cross-linked, protein-walled type were used to examine as-
pects of protein (3,4) and carbohydrate (5) metabolism in bi-
valves. Further efforts were devoted to lipid nutrition, as it was
established that bivalves have limited ability to synthesize essen-
tial PUFA (6–9), such as DHA (22:6n-3), EPA (20:5n-3), and
cholesterol (10–12). Lipids were first successfully supplied to bi-
valves using gelatin-acacia microcapsules (GAM) (13–16) and
lipid microspheres (17–19). Emulsions were subsequently
demonstrated to be an alternative way to deliver EFA (20–23) and
sterols (24). Liposomes also have been used to deliver essential
lipids and water-soluble compounds to oysters (25–28). Nutri-
tional values of these artificial diets were generally tested as a sup-
plement to deficient microalgae. Encapsulation of PUFA in GAM
to supplement algal diets lacking essential PUFA, such as EPA or
DHA, improved growth of Crassostrea gigas spat (15,29–31).
GAM-containing microalgal lipid was also shown to successfully
support the metamorphosis of C. virginica larvae (16). Supple-
mentation of Dunaliella tertiolecta (which lacks both EPA and
DHA) with an EPA- and DHA-rich emulsion improved the re-
productive output of C. gigas broodstock, as measured by hatch-
ing rate (21). These biological effects resulting from modifica-
tions in dietary lipid composition were generally accompanied by
changes in FA composition of the oysters themselves (21,30,31).

To investigate the incorporation efficiency of microencap-
sulated lipids, different strategies/techniques have been ap-
plied, including radiolabeled 14C lipids (31), natural lipid bio-
markers (24), and deuterated lipids (32). In most cases, the
incorporation of microencapsulated essential lipids was found
to be low. Thus, it appeared important to develop more effec-
tive techniques of PUFA delivery that would be easy to apply
in the hatchery.

Recently, a method to supplement freshwater filter feeders
with a single FFA was developed, using the microalgal cell itself
as a transfer vehicle; this allowed successful supplementation of
Daphnia galatea with individual essential PUFA (33). Also,
feeding rotifers with DHA-enriched Euglena gracilis resulted in
an increase in DHA in neutral and polar lipids of rotifers, a feed
animal commonly used for rearing fish larvae (34,35).

The present study was conducted to test the efficiency of
individual PUFA delivery to C. gigas spat with (i) an artifi-
cially AA-enriched T-ISO (Isochrysis sp. clone Tahiti) cul-
ture, and (ii) a direct supply of AA into the tank water, along
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with addition of a normal T-ISO culture. AA was selected as
the PUFA model because its proportion is generally low in
oyster spat, which makes incorporation easier to monitor. The
biological impacts of the experimental dietary treatments
were assessed by measuring the growth and the condition
index (CI) of spat. TAG content of spat was used to assess the
physiological status, as it is an indicator of energy reserves.
Incorporation and assimilation of arachidonic acid (AA) was
determined by analyzing the FA composition of neutral and
polar lipids of the spat.

MATERIALS AND METHODS

AA enrichment of T-ISO. T-ISO was cultivated continuously
in the exponential phase in a 6-L glass container filled with 1
µm-filtered, steam-sterilized, 35‰ seawater enriched with
Conway medium (36) at 1 mL per liter of seawater. The algal
culture was maintained at 20 ± 1°C with continuous irradi-
ance from cool-white fluorescence lights (378 µEinstein
units/m2/s) and aeration (air/CO2, 98.5%/1.5%, 500 mL⋅min−1).
Cultures were supplied continuously with fresh medium by a
peristaltic pump (30% renewal per day). T-ISO cells were
harvested by collecting them in a secondary glass container
using a glass pipe welded to the top of the primary glass con-
tainer containing the algal culture. The AA enrichment was
performed on the collected cells. The concentration of the col-
lected cells ranged from 2.3⋅107 to 2.7⋅107 cells/mL.

The microalgal enrichment technique was modified from
Von Elert (33). AA from Sigma-Aldrich (St Quentin Fallavier,
France) was dissolved in absolute ethanol at 2.5 mg/mL. The
harvested algae were first diluted to 5 × 106 cells/mL in 1500
mL, and then the AA solution (3 mL) was added directly to
the algal culture to obtain a ratio of 1 µg AA for 106 cells of
T-ISO. To determine the optimal time of contact, the FA com-
positions of T-ISO and AA-enriched T-ISO after 0.1, 1, 2, and
4 h of incubation were analyzed twice in triplicate.

For lipid extraction, samples (5–15 mL of culture) were
filtered onto GF/F glass fiber filters (0.7 µm), previously heat-
treated at 450°C. Filters were then rinsed with 15 mL of sea-
water and transferred into a glass vial containing 6 mL of a
mixture of CHCl3/MeOH (2:1, vol/vol). Samples were then
stored under nitrogen at –20°C prior to lipid class and FA
analyses.

Spat culture. Crassostrea gigas spat were provided by a com-
mercial hatchery (SATMAR, Barfleur, France). Spat weighed
approximately 50 mg on arrival; they were acclimated at 18°C
for 14 d with T-ISO as a monospecific diet prior to the dietary
experiment. Two hundred spat for each experimental group were
maintained in a closed system, using a 20 L tank equipped with
airlifts and filled with 1 µm-filtered seawater. The tanks and ani-
mals were cleaned daily. T-ISO feeding rations, calculated as
equivalent dry weight of algae, were provided daily to spat at
0.75% of spat wet weight (including shell). The algal ration was
applied for the entire duration of the dietary experiment (34 d).
A peristaltic pump was adjusted to distribute the algal ration over
a 4-h period twice a day.

Three dietary treatments were tested: (i) T-ISO, (ii) AA-
enriched T-ISO (after 1 h of incubation of algae and AA to-
gether), and (iii) T-ISO and AA added directly into the tank
(T-ISO + AA). For the latter treatment, AA was added into
the tank at the same final concentration as the AA-enriched
T-ISO treatment (1 µg AA per 106 cells of T-ISO). After 11,
18, 26, and 34 d, oyster spat were sampled randomly, rinsed,
and weighed. Dry meat and shell weights were measured on
20 individual oysters. Condition index was then calculated as
CI = (dry weight meat/dry weight shell) × 100 (37). Three
pools of 10 individuals were also sampled after 18, 26, and
34 d of treatment for lipid analysis. Animals removed for lipid
analyses were starved for 48 h to avoid artifacts of nonassim-
ilated FA from microalgae and any supplemented free AA,
which could still be present in the digestive tract at the time
of the sampling.

Lipid class analysis. Total lipids were extracted according
to Folch et al. (38) and stored at −20°C under nitrogen until
use. Neutral lipid classes were analyzed using a CAMAG
HPTLC (high performance TLC) system (CAMAG Automatic
TLC sampler 4 and scanner 3; Muttenz, Switzerland). A pre-
liminary run was carried out to remove possible impurities
using hexane/diethyl ether (1:1), then the plates were activated
for 30 min at 120°C. Lipid samples (0.5–5 µg) were directly
spotted on the plate by the CAMAG automatic sampler. A dou-
ble development was performed using two solvent systems:
hexane/diethyl ether/acetic acid, 20:5:0.5 (by vol), then hex-
ane/diethyl ether, 97:3 (vol/vol). Lipid classes appeared as
black spots after dipping plates in a cupric sulfate phosphoric
acid solution and heating for 20 min at 160°C (charring). Black
spots were quantified by Wincats software (CAMAG), based
upon a plate scanning at 370 nm.

The different lipid classes were identified according to au-
thentic standards. To quantify the oyster lipid classes, a stan-
dard mixture was run on each HPTLC plate. This standard
mixture was prepared in proportions similar to those found in
oyster neutral lipids: 1.1 µg⋅mL−1 menhaden oil for TAG,
0.33 µg⋅mL−1 cholesterol, 59.1 µg⋅mL−1 oleyl alcohol, 38.8
µg⋅mL−1 cholesterol oleate, and 26.7 µg⋅mL−1 oleic acid. Re-
sults were expressed as µg of each identified neutral lipid
class per oyster.

FA analysis. Total lipid extracts were evaporated to dry-
ness under vacuum and were recovered with three washings
of 500 µL each of CHCl3/MeOH (98:2, vol/vol). The neutral
and polar lipids were separated on a silica gel microcolumn
(30 × 5 mm, 70–230 mesh, Kieselgel; Merck, Darmstadt,
Germany) using CHCl3/MeOH (98:2, vol/vol) and MeOH, re-
spectively. The fractions were collected in tapering vials con-
taining 2.3 µg of 23:0 (internal standard) and transesterified
with 12% BF3 (w/w) in methanol for 15 min at 100°C (39).
After cooling, the FAME were extracted with hexane. Sepa-
ration of FAME was carried out on a gas chromatograph  (HP
6890), equipped with an FID, an on-column injector, and a
J&W (Folsom, CA) DB-WAX capillary column (30 m × 0.25
mm; 0.25 µm film thickness). The column was temperature-
programmed from 60 to 150°C at 30°C/min and 150 to 220°C
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at 2°C/min. Hydrogen was used as the carrier gas at 2.0
mL⋅min−1. Identification of FAME was based on comparison
of retention times with those of authentic standards. Non-
methylene-interrupted PUFA 22:2∆7,13 and 22:2∆7,15 were
designated 22:2i and 22:2j, respectively. FA peaks were inte-
grated and analyzed using HP Chemstation software. Results
were expressed as µg FA/oyster or as weight percent FA com-
position for each fraction.

RESULTS

FA composition of spat fed with T-ISO. After 14 d of feeding
with T-ISO for acclimation, several FA increased in both neu-
tral and polar lipids of spat. The 18:1n-9, 18:2n-6, 18:3n-3,
and 22:6n-3 weight percentages increased, while the 20:5n-3
weight percentage decreased (Table 1).

AA enrichment of T-ISO (Table 2). FA compositions of T-
ISO and T-ISO incubated with AA for 0.1, 1, 2, and 4 h were
analyzed in this experiment. Results for neutral lipids and
polar lipids are reported in Table 2. The mean AA percent-

ages in oysters fed T-ISO were 0.6 and 0.4% in neutral and
polar lipids, respectively. At 0.1 h after the addition of AA to
the algae (i.e., after the lipid extraction procedure), a signifi-
cant increase in AA percentage in the microalgae was ob-
served in both neutral (22.4%) and polar (3.4%) lipids. Then,
after 4 h of incubation, the AA weight percentage decreased
from 22.4 to 16.7% in the neutral lipids, but it increased from
3.4 to 6.8% in polar lipids. Accordingly, the 22:6n-3 weight
percentage decreased from 3.9 to 2.4% in neutral lipids, and
from 9.5 to 2.3% in polar lipids. As a consequence, the n-3/n-
6 ratio declined from 2.9 to 0.5 in neutral lipids and from 3.1
to 0.9 in polar lipids after 4 h of AA incubation.

Growth and performance of spat under different dietary
treatments (Table 3). Growth and performance parameters, as
measured by dry weight and CI of spat fed T-ISO, AA-en-
riched T-ISO, T-ISO + AA were monitored for 34 d.

For the spat fed T-ISO, dry weight increased steadily until
26 d. The CI was maintained between 4.6 and 5.1 from 11 to
26 d. But after 34 d, dry weight dropped to 2.7 mg and CI to 4.1.
The AA-enriched T-ISO dietary treatment clearly impaired spat
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TABLE 1
FA Composition of Neutral and Polar Lipids of Crassostrea gigas Spat Prior to and 14 d After Acclimation to T-ISO Dieta

Spat prior to acclimation Spat after acclimation

Neutral lipids Polar lipids Neutral lipids Polar lipids

Mean SD Mean SD Mean SD Mean SD

14:0 6.0 0.2 2.2 0.1 10.7 0.5 3.1 0.2

16:0 9.4 0.2 13.2 0.5 9.1 0.1 10.9 0.6

18:0 2.3 0.14 4.3 0.1 1.3 0.1 2.8 0.2

16:1n-7 7.6 0.1 2.5 0.1 3.6 0.1 1.5 0.2

18:1n-9 2.9 0.4 1.3 0.3 20.4 0.4 4.4 0.2

18:1n-7 10.5 0.2 7.1 0.4 4.9 0.3 5.2 0.3

20:1n-9 0.0 0.1 0.1 0.1 0.9 0.0 1.3 0.0

20:1n-7 2.7 0.0 4.4 0.3 2.4 0.2 4.1 0.2

18:2n-6 0.9 0.1 0.6 0.1 10.0 0.2 3.8 0.2

18:3n-3 0.4 0.0 0.3 0.0 5.7 0.2 1.9 0.1

18:4n-3 3.4 0.1 1.5 0.1 5.4 0.1 1.7 0.1

20:2n-6 0.1 0.0 0.1 0.0 0.5 0.0 0.5 0.1

20:3n-6 0.1 0.0 0.1 0.0 0.2 0.0 0.1 0.0

20:4n-6 0.5 0.0 1.1 0.1 0.5 0.0 1.5 0.5

20:4n-3 0.2 0.0 0.1 0.0 0.2 0.0 0.2 0.0

20:5n-3 24.6 0.5 21.2 1.2 3.2 0.4 8.7 0.3

22:2i 0.1 0.0 1.4 0.1 0.3 0.0 1.2 0.1

22:2j 1.3 0.1 0.2 0.0 1.3 0.2 5.1 0.2

22:4n-6 0.0 0.0 5.5 0.3 0.1 0.0 0.2 0.0

22:5n-6 0.1 0.0 0.1 0.0 1.5 0.0 2.5 0.1

22:5n-3 0.3 0.0 0.3 0.0 0.2 0.0 0.7 0.0

22:6n-3 3.0 0.3 8.6 0.3 9.4 0.9 15.3 0.3

Total FA (µg/oyster) 57.1 4.1 16.9 7.6 47.3 3.1 12.3 3.8
aResults are expressed as weight percentage of total FA and as total µg per oyster of neutral or polar lipids (mean and SD, n = 3). T-ISO, Isochrysis
sp. clone Tahiti; 22:2i, 22:2∆7,13; 22:2j, 22:2∆7,15.



growth and condition. Mean dry weight of the spat fed AA-en-
riched T-ISO was significantly lower than that of spat fed T-ISO
from 18 to 34 d of conditioning. Similarly, CI was lowest in spat
fed AA-enriched T-ISO at all sampling dates. In contrast, when
AA was added directly to the tank, no such negative effects were
observed. Some slight reductions (statistically significant) in dry
weight and CI were observed in this treatment, compared with
T-ISO alone after 26 days of dietary conditioning. However,
these differences were not seen after 34 d.

Lipid class composition of spat under different dietary
treatments (Table 4). HPTLC analysis identified and quanti-
fied five lipid classes in the neutral lipids of oyster spat: steryl
ester (SE), TAG, free sterol (FS), free alcohol (FAO), and
FFA. As SE and FAO were found in small amounts, occasion-

ally below the detection threshold, only the results obtained
for the TAG, FS, and FFA are presented here. TAG was the
major storage lipid class detected in spat. The TAG, FS, and
FFA contents in spat at the beginning of the experiment (after
the acclimation period) were, respectively, 65.4, 18.2, and 1.6
µg/oyster. The TAG content increased from 65.4 to 148.9
µg/oyster in spat fed T-ISO, and to 130.6 µg/oyster in spat fed
T-ISO + AA. There was no significant difference in TAG be-
tween these two dietary treatments during the experiment. In
contrast, feeding spat with AA-enriched T-ISO resulted in a
drastic decrease of TAG content after 18 d, when it dropped
below 22 µg/oyster at the end of the experiment.

The FFA content (Table 4) ranged from 0.3 to 1.9 µg/oyster,
regardless of treatment or sampling time, and maximal percent-
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TABLE 2
FA Composition of Neutral and Polar Lipids of T-ISO and T-ISO Incubated 0.1, 1, 2, and 4 h with AA at a Ratio of 1 µg per 106 Cellsa

T-ISO AA-enriched T-ISO

Incubation time 0 h 0.1 h 1 h 2 h 4 h

Mean SD Mean SD Mean SD Mean SD Mean SD

Neutral lipid

20:4n-6 0.6a 0.2 22.4b 5.0 19.2b,c 4.1 18.3b,c 4.7 16.7c 5.1

20:5n-3 0.4a 0.2 0.2a,b 0.1 0.2b 0.1 0.2a,b 0.1 0.2a,b 0.0

22:6n-3 3.9a 0.9 2.6b 0.9 2.6b 0.5 2.5b 0.6 2.4b 0.4

n-3/n-6 2.9a 0.5 0.5b 0.2 0.5b 0.1 0.6b 0.1 0.5b 0.0

Total FA (ng/cell) 1.2a,b 0.3 1.5a,b 0.3 1.2a 0.3 1.6b 0.4 1.3a,b 0.3

Polar lipid

20:4n-6 0.4a 0.2 3.4b 0.90 6.2c 1.2 6.0c 2.1 6.8c 1.1

20:5n-3 0.8a 0.3 0.7a,b 0.1 0.5b,c 0.1 0.4b,c 0.1 0.2c 0.0

22:6n-3 9.5a 3.3 5.2b 1.4 3.7b,c 0.3 3.0b,c 0.5 2.3c 0.3

n-3/n-6 3.1a 0.8 2.1b 0.1 1.5c 0.2 1.4c 0.1 0.9c 0.2

Total FA (ng/cell) 1.2a 0.2 1.3a 0.7 0.7b 0.1 0.6b 0.2 0.5b 0.1
aResults are expressed as percentage of total FA and as total ng FA per algal cell in neutral and polar lipids (mean and SD, n = 6). Different letters
denote significant differences between conditions (ANOVA, P < 0.05). AA, arachidonic acid; for other abbreviation see Table 1.

TABLE 3
Impact of Dietary Conditioning [T-ISO alone, AA-enriched T-ISO, and T-ISO and AA added
directly into the tank (T-ISO + AA)] on the Dry Weight (mg/oyster) and Condition Index (CI)
of C. gigas Spata (mean and SD, n = 20) 

Diets T-ISO AA-enriched T-ISO T-ISO + AA

Dry weight Mean SD Mean SD Mean SD

T0 2.1 0.5

11 d 2.3a 0.8 1.8a 0.8 2.2a 1.1

18 d 3.1a 1.4 1.8b 0.8 2.8a 1.1

26 d 4.1a 2.3 1.8b 0.5 2.9c 0.8

34 d 2.7a 0.7 1.6b 0.4 2.6a 1.2

CI

T0 5.6 1.5

11 d 4.6a 1.1 3.6b 0.8 4.0b 0.7

18 d 4.6a 1.1 2.8b 0.6 4.1a 1.4

26 d 5.1a 0.9 2.6b 0.7 3.6c 0.9

34 d 4.1a 0.8 2.7b 0.4 4.0a 1.3
aDifferent letters denote significant differences between conditions (ANOVA, P < 0.05). CI =
(dry weight meat/dry weight shell) × 100. For abbreviations see Table 1.



ages in neutral lipids were 1.7, 3.5, and 1.4% in spat fed T-ISO,
AA-enriched T-ISO, and T-ISO + AA, respectively.

FA composition of spat under different dietary treatments.
Proportions of saturated, monounsaturated, and polyunsatu-
rated FA were not affected by the dietary treatments and were
stable in both neutral and polar lipids for the entire duration
of the experiment (data not shown). After 18 d of condition-
ing, and when compared with spat fed T-ISO alone, the 20:4n-
6 weight-percentage in spat fed the AA-enriched T-ISO diet
increased by approximately fourfold in neutral lipids (Table
5) and by twofold in polar lipids (Table 5). The 20:4n-6
weight percentage increased nine times in neutral lipids
(Table 5) and three times in polar lipids (Table 5) in spat fed
T-ISO + AA added separately. The 20:4n-6 weight percent-
age in both polar and neutral lipids of spat AA-supplemented
diets continued to increase between 18 and 26 d and reached
a plateau between 26 and 34 d (Table 5). After 26 d of feed-
ing with the T-ISO + AA diet, 20:4n-6 reached approximately
12% of the PUFA content in both neutral and polar lipids. The
22:4n-6 weight percentage in neutral and polar lipids fol-
lowed the same pattern as the 20:4n-6 percentage, according
to dietary treatment (Table 5). The weight percentage in-
creases in 20:4n-6 and 22:4n-6 observed with AA-supple-
mented diets were partially compensated by a decrease of
22:6n-3 in polar lipids (Table 5). Finally, after 34 d of condi-
tioning, the n-3/n-6 ratio of spat fed T-ISO + AA decreased
to 1.1 in both neutral and polar lipids and was much lower
than in spat fed T-ISO alone, which had an n-3/n-6 ratio at 2.0
and 2.2 in neutral and polar lipids, respectively.

DISCUSSION

AA algal enrichment. The present study demonstrated that
AA was immediately incorporated into both algal neutral and
polar lipids. This quick AA association with neutral lipids,

rather than polar lipids alone, suggested that most of the AA
probably was absorbed as FFA on the surface of T-ISO cells
and that this enrichment was probably the result of an algal
coating by adsorption. HPTLC analysis showed that FFA in-
creased in the AA-treated algal samples (15.8%) in compari-
son with nontreated T-ISO (5.5%). Von Elert (33) made simi-
lar observations when enriching Scenedesmus obliquus and
Stephanodiscus hantzschii with various unsaturated FA
(18:1n-7, 18:3n-3, 20:4n-6, 20:5n-3, and 22:6n-3) and was
uncertain whether these PUFA were only adsorbed on cell
surfaces or were truly incorporated within the cells.

The rapid increase in AA within polar lipids cannot be ex-
plained by the above mechanism, but this percentage increased
steadily during incubation and may indicate that some of the
adsorbed AA may have been incorporated in membrane phos-
pholipids thereafter by deacylation–acylation processes (40).
Our results are in agreement with those obtained with Chlorella
vulgaris and Euglena gracilis PUFA enrichments (34,35).
When E. gracilis was enriched with 0.5% of 22:6n-3 (DHA)
for 24 h, exogenous DHA was mainly accumulated in neutral
lipids and, to a lesser extent, in the three major phospholipids
of E. gracilis: namely PC, PE, and PI. Because of the rapid in-
corporation of AA within the algae, a significant reduction in
DHA percentage from 3.9 to 2.4% in neutral lipids and from
9.5 to 2.3% in polar lipids was observed after 4 h of incubation,
as well as a decrease in n-3/n-6 ratio from 2.9 to 0.5 in neutral
lipids and from 3.1 to 0.9 in polar lipids. These changes may
affect the functional metabolism of the enriched algae when in-
gested by the spat, since DHA is well established to be an es-
sential PUFA for bivalve growth and reproduction (6–9).

AA absorption by spat. Ingestion and assimilation of AA
were estimated by analyzing the FA composition changes of
neutral and polar lipids in spat during the experiment. Oyster
spat represent a good model target organism for dietary ex-
periments because the FA compositions of polar lipids, and
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TABLE 4
Impact of Dietary Conditioning on the TAG, FFA, and Sterol Contentsa of C. gigas Spat
(mean and SD, n = 3) 

Diets T-ISO AA-enriched T-ISO T-ISO + AA

FFA Mean SD Mean SD Mean SD

T0 1.6 0.4

18 d 1.3a 0.2 0.3b 0.0 0.6c 0.1

26 d 1.5a 0.2 0.5b 0.1 1.4a 0.3

34 d 1.9a 0.8 0.7b 0.3 1.5a,b 0.1

TAG

T0 65.4 8.1

18 d 114.3a 32.2 21.6b 6.3 85.3a 9.6

26 d 131.2a 28.7 22.0b 3.4 135.2a 29.8

34 d 148.9a 29.8 18.3b 6.1 130.6a 25.5

Sterols

T0 18.2 2.7

18 d 22.5 3.2 12.7 2.8 19.6 3.0

26 d 22.9 3.4 13.4 0.8 23.9 6.0

34 d 27.9 1.6 14.2 2.1 23.2 0.4
aResults are expressed in µg of lipid class/oyster. Different letters denote significant differences
between conditions (ANOVA, P < 0.05). For abbreviations see Tables 1 and 3.
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especially neutral lipids, are rapidly affected by dietary modi-
fications. Fourteen days of feeding acclimation with T-ISO
was enough to change the proportions of the PUFA, such as
20:5n-3 and 22:6n-3, appreciably. The dietary imprint of T-
ISO was observed consistently when this was used as a mono-
specific diet for various species of bivalves: oysters, clams,
and scallops (41–44). This prior knowledge facilitated the
distinction of FA composition modifications atributable to
AA supplementation, without confounding effects of the
monospecific diet imprint.

After 18 d of feeding with AA-enriched T-ISO, a clear in-
crease in the AA weight percentage in spat neutral and polar
lipids, up to 4.3 and 5.9%, respectively, was obtained, and a
plateau was reached at 7.0% in neutral lipids and 7.8% in polar
lipids after 34 d of feeding, respectively, i.e., seven and two times
the values of the T-ISO alone dietary treatment. These results
demonstrate the high efficiency of AA incorporation within spat.
We considered the possibility that the AA-enriched T-ISO con-
dition could have been detrimental/toxic for the microalgae,
modifying their morphological and/or motility characteristics.
Indeed, T-ISO was observed to lose its motility after 4 h of con-
tact with AA at 0.01 mg⋅mL−1 in the AA-enriched T-ISO condi-
tion (Miner, P., personal communication). The loss of motility of
T-ISO could possibly affect feeding behavior of the spat and thus
could explain a lower AA incorporation compared with the T-
ISO + AA condition.

Indeed, the direct addition of AA to the tank, simultane-
ously with the microalgae (T-ISO + AA), permitted the high-
est incorporation of AA in both neutral and polar lipids of
spat, reaching approximately 12% in neutral and polar lipids
after 26 and 34 d of feeding. This higher incorporation effi-
ciency, compared with the AA-enriched T-ISO feeding, is
possibly related to a higher algal ingestion rate or direct AA
absorption by spat. Some papers showed that marine inverte-
brates can absorb dissolved organic matter (45,46). More
specifically, bivalves can absorb free amino acids from sea-
water and use them as a nutritional supplement (47,48).
Jaeckle and Manahan (49) demonstrated that addition of 1
µM glucose and of a mixture of 16 amino acids enhanced the
metabolic rate of oyster larvae and concluded that the organic
chemistry of seawater can affect the growth and metabolism
of oyster larvae. However, there is only one paper demon-
strating such direct absorption for dissolved lipids or, more
specifically, for FFA (50).

Biological effects. The possible biological impacts of these
dietary treatments (T-ISO, AA-enriched T-ISO, and T-ISO +
AA diets) were assessed by measuring growth, CI, and lipid
storage indicators of the conditioned spat.

Results of the present study demonstrated that the AA-en-
riched T-ISO diet had an unexpected but very clearly nega-
tive effect on spat growth compared with the T-ISO diet.
Specifically, dry weight and CI of spat fed AA-enriched T-
ISO showed a decrease of 24 and 49%, respectively, after 26
d of feeding, and the content of TAG (a storage lipid) was re-
duced by 88% after 34 d, as compared with spat fed the un-
supplemented T-ISO diet.

Thus, one possible explanation for such a biological effect
could be that the enrichment of T-ISO with AA resulted in
drastic morphological and/or biochemical changes in T-ISO
cells, making the microalgae toxic or unsuitable for filtra-
tion/ingestion by spat. Moreover, this biological effect is un-
likely to be the result of spat FA composition changes by the
AA-enriched T-ISO diet, because the T-ISO + AA diet, which
affected the spat FA composition more, or at least to the same
extent, had similar growth performance and lipid storage con-
tent as the unsupplemented T-ISO diet. Nevertheless, the ab-
sence of significant effects of the high AA enrichment (12%
in polar and neutral lipids) obtained with the T-ISO + AA diet
on spat performance is quite surprising. These modifications
of FA composition may, however, have other important bio-
logical functions, such as defense mechanisms, as previously
reported by Delaporte et al. (44) and Sargent et al. (51). Fi-
nally, it must be noted that, according to previous field and
laboratory experiments, the highest values of AA measured
in oyster neutral or polar lipids always remained below a 10%
threshold. For instance, AA weight percentage ranged from
0.9 to 2% in NL and from 1.5 to 4.3% in PL of C. gigas nat-
ural spat (52). The AA weight percentage reached 6% of total
FA of C. virginica gills (in which lipids are mostly in polar
lipids) after 56 d of feeding with a microalgae mixture con-
taining in equal proportions: Tetraselmis maculata, Thalas-
siosira weissflogi, Chaetoceros calcitrans, and Isochrysis gal-
bana (53). Delaporte et al. (44) measured up to 7.5% of AA
in hemocyte polar lipids of C. gigas fed for 8 wk C. calci-
trans, which contained 2% AA. Thus, the 12% value mea-
sured in polar lipids of spat feed the T-ISO + AA diet in our
experiment is above values reported previously.
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ABSTRACT: The lipid and FA compositions of various organs
(light muscle, dark muscle, liver, pyloric cecum, and the orbital
region) and of the stomach contents of a highly migratory fish
species Thunnus tonggol (Bleeker) were analyzed. TAG and
phospholipids (PE and PC) were the major lipid classes in the
total lipids of T. tonggol. DHA was characteristically the major
FA of all the major classes of all its organs except for only one
case of liver TAG. The mean DHA contents of the various or-
gans accounted for more than 20% of the total FA (TFA), even
though it is a neutral depot lipid. However, DHA in the stom-
ach contents, originating from their prey, fluctuated and was
generally low. DHA levels were generally higher in a year
(2000) when water temperatures were colder than in one when
it was warmer (1998). Furthermore, DHA levels in muscle TAG
were consistently high in spite of the fluctuation of those in the
visceral TAG, which might be directly influenced by the prey
lipids. This phenomenon suggests the physiological selective
accumulation of DHA in the muscle, after the migration of the
digested FA in the vascular system and absorption of the prey
lipids in the intestine. In contrast, the FA composition of other
species is generally variable and their DHA contents of TAG are
usually less than 20% of TFA. 

Paper no. L9485 in Lipids 40, 941–953 (September 2005).

Comparatively high DHA levels in the lipids of tissues of all
species of highly migratory tuna species, such as the genera
Thunnus, Euthynnus, and Auxis belonging to the tribe Thun-
nini, have been reported—specifically, for T. thynnus (1), T.
alalunga (2,3), T. albacares (4), E. pelamis (1,5,6), E. affinis
(7), A. rochei, and A. thazard (1,8)—and confirmed (9). In
particular, markedly high DHA levels have been found in
tuna phospholipids, similar to those of other fish phospho-
lipids (10). The cause of the high DHA levels of tuna species
might be the accumulation of DHA during long-distance mi-
grations (7), because it is the most important EFA for marine

fish (11,12) and is a less effective fat as an energy source
(13–15).

Although high DHA levels in total lipids (TL) of these fish
species have been reported, it is not clear which lipid class
contains the major portion of DHA. It is well known that
DHA levels in fish tissue phospholipids are high, whereas
n-3 PUFA are present in comparatively low levels in neutral
depot lipid TAG. In many cases, the FA compositions of neu-
tral lipids vary with environmental conditions, such as the
stage of fish maturation, seawater temperature, prey lipids,
and so on (16,17). Moreover, in marine fishes, the DHA con-
tents in neutral lipids are generally less than 20% of the total
FA (TFA), but saturated FA (SFA) and monounsaturated FA
(MUFA), such as 16:0, 18:0, and 18:1n-9, are major compo-
nents. High levels of DHA in the neutral lipids characteristic
of tuna species, such as the orbital fats and head oils [for T.
obesus and E. pelamis (18); for Thunnus spp. and E. pelamis
(19)], have been described in only a few papers. There are no
other reports for high DHA contents in neutral lipids except
for the lipids of these tuna species.

Neither ecology nor lipid physiology of the tuna fish
species T. tonggol (Bleeker), which is considered to migrate
in the northern Pacific Ocean, has yet been thoroughly inves-
tigated. To determine the DHA levels in the various lipid
classes of this species, and to estimate how they relate to its
ecology and physiology, the lipid classes and the FA compo-
sition of its muscles and other internal organs including the
stomach contents were analyzed in the present study.

MATERIALS AND METHODS

Materials. Specimens of T. tonggol were caught in the Japan
Sea (35°00′N, 132°15′E and 34°55′N, 132°10′Ε) by using the
same set-net in August 1998 (sample 1) and in June 2000
(sample 2), respectively (see Table 1). The biological data of
49 specimens (body length: 506 ± 7 mm, body weight: 2458
± 149 g) for sample 1 and 24 specimens (body length: 480 ±
3 mm) for sample 2 were measured. Then 5 animals from
sample 1 and 6 from sample 2 were selected at random, im-
mediately frozen, and stored at –40°C for 2 wk to 1 mon prior
to lipid extraction. 

Lipid extraction and the analysis of lipid classes. Each sam-
ple was homogenized in a mixture of chloroform and methanol
(2:1, vol/vol), and a portion of each homogenized sample was
extracted according to the procedure of Folch et al. (20). The
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crude TL were separated into classes on silicic acid columns
(Kieselgel 60, 70–230 mesh; Merck and Co. Ltd., Darmstadt,
Germany), and a quantitative analysis of the lipid constituents
was performed using gravimetric analysis of fractions collected
from column chromatography. The first eluate (dichloro-
methane/n-hexane, 2:3, vol/vol) contained the steryl esters
(SE), wax esters (WE), and diacyl glyceryl ethers (GE). This
was followed by: dichloro-methane eluting the TAG;
dichloromethane/ether (35:1, vol/vol), sterols (ST); dichloro-
methane/ether (9:1, vol/vol), DAG; dichloromethane/methanol
(9:1, vol/vol), FFA; dichloro-methane/methanol (1:1, vol/vol),
PE; dichloromethane/methanol (1:5, vol/vol), the other minor
phospholipids; and dichloromethane/methanol (1:20, vol/vol),
PC fractions (21). Individual lipids from each lipid class were
identified by comparison of Rf values from authentic samples
using TLC (Kieselgel 60, thickness of 0.25 mm for analysis;
Merck & Co. Ltd.) and characteristic peaks using NMR spec-
trometry (22). All sample lipids were dried under argon at room
temperature and stored at −40°C.

NMR spectrometry. Spectra were recorded on a GSX-270
NMR spectrometer (JEOL Co. Ltd., Tokyo, Japan) in the pulsed
Fourier transform mode at 270 MHz in deuterochloroform solu-
tion using tetramethylsilane as an internal standard (22).

The preparation of methyl esters and GLC of the esters.
The TAG, PE, and PC fractions were directly transesterified
with boiling methanol containing 1% concentrated hy-
drochloric acid under reflux for 1.5 h to produce FAME, as
previously reported (23). The methyl esters were purified
using silica gel column chromatography by elution with a
mixture of n-hexane and dichloromethane (1/2, vol/vol).

Analysis of the FAME was performed on an HP-5890
(Hewlett-Packard Co., Yokogawa Electric Corporation, Tokyo,
Japan) gas chromatograph equipped with an Omegawax®-250
fused-silica capillary column (30 m × 0.25 µm i.d.; 0.25 µm film;
Supelco Japan Co. Ltd., Tokyo, Japan). The temperatures of the
injector and the column were held at 250 and 210°C, respec-
tively, and the split ratio was 1:76. Helium was used as the car-
rier gas at a constant inlet rate of 0.7 mL/min. 

Quantification of individual components was performed
by means of Shimadzu Model C-R3A (Shimadzu Seisakusho
Co. Ltd., Kyoto, Japan) and HP ChemStation System (A. 06
revision, Yokogawa HP Co. Ltd., Tokyo, Japan) electronic in-
tegrators. 

Preparation of 4,4-dimethyloxazoline (DMOX) derivatives
and analysis of DMOX derivatives by GC–MS. The DMOX
derivatives were prepared by adding an excess amount of 2-
amino-2-methyl-propanol to a small amount of the FAME in

a test tube under an argon atmosphere. The mixture was
heated at 180°C for 36 h and the usual workup was carried
out (24). Analysis of the DMOX derivatives was performed
on a GC-MCD 1800 (Hewlett-Packard Co., Yokogawa Elec-
tric Corporation) gas chromatograph–mass spectrometer
equipped with the same capillary GC column. The tempera-
tures of the injector and the column were held at 240 and
210°C, respectively. The split ratio was 1:76, and the ioniza-
tion voltage was 70 eV. Helium was used as the carrier gas at
a constant inlet rate of 0.7 mL/min. 

FAME were identified by using marine lipid methyl esters as
standards (Omegawax® test mixture No. 4-8476; Supelco Japan
Ltd.) and by comparing mass spectral data obtained by GC–MS. 

Statistical analyses. For all samples of the FA determina-
tion by GLC, more than five replications (n = 5–10) were made.
The significant differences in the data of the total SFA, total
MUFA, total n-6 PUFA, and total n-3 PUFA of the classes
(TAG, PE, and PC) of samples 1 and 2 were determined using
Student’s t-test at a significance level of P < 0.05.

RESULTS

Lipid content and biological data. The biological data from
the specimens examined and their TL content are given in Ta-
bles 1 and 2. Although the fish size and the environmental
conditions differed between samples 1 and 2, taken in 1998
and 2000 (Table 1), respectively, the TL contents of the light
muscle were similar (0.7 ± 0.1 and 0.7 ± 0.2%). Both the vis-
ceral and orbital lipids were comparatively high (2.8–4.4%
for liver, 2.0–3.1% for pyloric cecum, and 12.9–19.9% for the
orbital lipids). 

Lipid classes of the respective organs of T. tonggol. Table
2 shows the various lipid classes of the respective organs sep-
arated by silicic acid column chromatography. In all the or-
gans, the neutral lipids contained mainly TAG, ST, and FFA,
and the polar lipids contained PE and PC, with small amounts
of SE (0.3–1.2%), WE (0.0–0.6%), GE (0.8–2.5%), and DAG
(0.2–6.1%). Phospholipids were mainly PC and PE, which
were identified by comparing with Rf values of authentic sam-
ples on TLC. 

The highest levels of TAG (82.7–87.0%) were found in the
orbital lipids, for which the lipid contents (12.5–19.0%) were
much higher than those of the other organs. In the visceral lipids,
comparatively high FFA levels were found, particularly in the
pyloric cecum and the liver of sample 1. Sterols were present at
moderate levels (4.0–19.4%) in all samples. The purified sterols
were immediately crystallized after isolation, and cholesterol
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TABLE 1
Locality of Capture and Biological Data of Thunnus tonggol Examined

Scientific name Replicate animals Lengtha Weighta

Thunnus tonggol Sample no. Date Locality Temperature (n) (mm) (g)

1 August 2, 1998 35°00’N, 132°15’E 28°C 5 477 ± 9 2028 ± 133

2 June 28, 2000 34°55’N, 132°10’E 22°C 6 513 ± 6 2902 ± 92
aResults are expressed as mean ± SE (n = 5–6). 



was found to be predominant in the sterol fraction by identifica-
tion with authentic cholesterol by TLC and NMR. 

FA composition of TAG. The FA composition of the TAG
from the various organs of T. tonggol are shown in Table 3.
At least 50 FA compounds were detected and identified, of
which about 40 occurred at a level of 0.1% or more of TFA.
On the contrary, only four components were found as major
acids in the TAG of all the organs: SFA, 16:0 (16.2–25.2%)
and 18:0 (5.6–10.4%); MUFA, 18:1n-9 (8.7–23.2%); and n-3
PUFA, DHA (9.0–29.5%) as shown in Table 3. These main
FA were detected at levels of 5% or more in almost all of the
organs. Noticeable amounts (mean >2%) of several other FA
were found in both samples 1 and 2, including 14:0
(0.9–3.4%), 16:1n-7 (2.6–5.2%), 18:1n-7 (2.5–3.8%), 20:1-
n-9 (1.3–2.7%), 22:1n-11 (0.9–3.5%), and 20:5n-3 (EPA,
2.5–7.7%). However, DHA levels in the liver of the sample 1
were extremely low (9.0 ± 0.8%).

FA composition in tissue phospholipids. Similar to the FA
composition of the tissue TAG, the high levels of n-3 PUFA
(25.0–51.3% for PE and 35.2–58.6% for PC) were found in
the tissue phospholipids of both samples 1 and 2 (Tables 4
and 5). Four major FA were also found in the PE of all speci-
mens at levels of about 5% or more of the TFA: SFA 16:0
(3.0–15.0%) and 18:0 (14.1–27.6%); MUFA 18:1n-9
(2.5–20.6%); and the n-3 PUFA DHA (20.6–43.8%). The
same FA were also major components in the PC: SFA 16:0
(11.2–22.9%) and 18:0 (3.4–13.9%); MUFA 18:1n-9
(4.7–12.0%); and the n-3 PUFA EPA (4.0–11.1%) and DHA
(26.4–49.5%). Measurable amounts (>2%) of other FA—
MUFA 18:1n-7 (1.6–3.5% for PE and 1.1–2.5% for PC); n-6
PUFA 20:4n-6 (2.3–6.6% for PE and 3.0–4.4% for PC); n-3
PUFA EPA (1.8–4.8% for PE)—were also found in these
phospholipids. Although the major components of the PE
were similar to those of the PC, slightly higher n-3 PUFA lev-
els were found in PC in all the organs than in PE. EPA was a
major component of PC (4.0–11.3%).

Lipid and FA compositions of the stomach contents of T.
tonggol under two different conditions. Partly digested and
undigested fish, such as horse mackerel, were observed in the
stomachs of the T. tonggol examined. The lipid classes in
stomach contents varied slightly in comparison with those in
the organs, whereas the lipid classes of the stomach contents
were similar to those of the organs. The stomach contents
(Table 6) contained various levels of DHA; for example, the
DHA levels in the stomach contents of samples 1 and 2 were
notably different, and only three shorter-chain and lower un-
saturated components (at levels of 5% or more) were found
as major acids in sample 1: SFA, 16:0 (25.2 ± 0.6%) and 18:0
(9.9 ± 0.3%); and MUFA, 18:1n-9 (13.0 ± 0.4%) (Table 6). 

DISCUSSION

Lipid content and biological data. The TL contents of the wet
tissues of T. tonggol light muscle were similar to each other
and were also similar to those of other tuna species, such as
T. obesus [0.8 ± 0.3%, (1)], T. albacares [0.6 ± 0.0% (1); 0.5
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TABLE 6
FA Composition of the Respective Classes in the Stomach Contents of T. tonggola,b

TAG PE PC

Sample No. 1 2 1 2 1 2

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Total saturated 49.8 ± 0.6 36.9 ± 1.1 52.1 ± 1.8 34.6 ± 3.0 52.3 ± 4.7 32.9 ± 2.3
14:0 2.4 ± 0.6 4.1 ± 0.0 1.4 ± 0.6 1.1 ± 0.5 1.2 ± 0.4 0.8 ± 0.1
15:0 1.0 ± 0.2 0.8 ± 0.0 0.6 ± 0.1 0.3 ± 0.1 0.7 ± 0.1 0.6 ± 0.0
15:0 i 0.6 ± 0.3 0.2 ± 0.0 0.3 ± 0.1 0.1 ± 0.0 0.4 ± 0.2 0.0 ± 0.0
16:0 25.1 ± 1.2 18.4 ± 1.0 22.8 ± 2.3 11.2 ± 2.0 29.6 ± 2.0 23.1 ± 1.8
16:0 i 0.6 ± 0.4 0.1 ± 0.0 0.3 ± 0.2 0.0 ± 0.0 0.2 ± 0.0 0.1 ± 0.0
17:0 1.5 ± 0.1 1.2 ± 0.0 2.1 ± 0.1 1.3 ± 0.1 1.6 ± 0.2 0.8 ± 0.0
17:0 i 0.5 ± 0.1 0.4 ± 0.0 0.4 ± 0.1 0.4 ± 0.1 0.7 ± 0.2 0.3 ± 0.0
18:0 9.9 ± 0.6 9.2 ± 0.3 21.0 ± 3.2 18.0 ± 0.3 14.5 ± 2.6 5.4 ± 0.2
18:0 i 1.3 ± 0.7 0.4 ± 0.0 0.5 ± 0.1 0.4 ± 0.0 0.6 ± 0.1 0.2 ± 0.0
19:0 0.4 ± 0.1 0.4 ± 0.0 0.5 ± 0.1 0.4 ± 0.2 0.4 ± 0.1 0.2 ± 0.0
20:0 0.9 ± 0.3 1.0 ± 0.1 0.6 ± 0.2 0.6 ± 0.0 0.7 ± 0.3 0.2 ± 0.0
22:0 1.0 ± 0.1 0.4 ± 0.0 0.5 ± 0.2 0.3 ± 0.0 0.6 ± 0.2 0.3 ± 0.0
24:0 4.8 ± 2.6 0.3 ± 0.1 1.2 ± 0.4 0.4 ± 0.1 1.2 ± 0.4 1.1 ± 0.0

Total monoenoic 31.3 ± 1.7 28.4 ± 0.2 23.9 ± 0.7 13.8 ± 1.1 25.8 ± 3.0 15.6 ± 0.6
14:1n-9 0.4 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.1 0.0 ± 0.0
15:1n-6 0.2 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.1 0.0 ± 0.0
16:1n-11 0.5 ± 0.5 0.3 ± 0.2 0.0 ± 0.0 0.3 ± 0.1 0.4 ± 0.2 0.4 ± 0.0
16:1n-7 3.7 ± 0.9 5.1 ± 0.5 2.5 ± 0.5 1.4 ± 0.4 1.7 ± 0.7 1.6 ± 0.1
16:1n-5 0.4 ± 0.2 0.2 ± 0.0 0.3 ± 0.1 0.2 ± 0.1 0.4 ± 0.3 0.1 ± 0.0
17:1n-8 0.7 ± 0.1 0.8 ± 0.0 0.3 ± 0.1 0.4 ± 0.1 0.6 ± 0.1 0.4 ± 0.0
18:1n-13 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0
18:1n-9 13.0 ± 0.9 13.3 ± 0.8 11.7 ± 0.9 5.9 ± 0.5 14.8 ± 1.5 9.4 ± 0.4
18:1n-7 3.8 ± 0.5 2.4 ± 0.1 5.7 ± 0.9 2.7 ± 0.2 2.7 ± 0.8 1.9 ± 0.1
18:1n-5 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
19:1n-11 0.0 ± 0.0 0.2 ± 0.0 0.0 ± 0.0 0.3 ± 0.2 0.1 ± 0.1 0.1 ± 0.0
19:1n-9 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
20:1n-11 0.5 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.4 ± 0.1 0.1 ± 0.0
20:1n-9 1.5 ± 0.5 1.3 ± 0.2 0.9 ± 0.2 0.5 ± 0.0 0.8 ± 0.4 0.3 ± 0.0
20:1n-7 0.3 ± 0.1 0.3 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.1 0.1 ± 0.0
20:1n-5 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
22:1n-11 1.6 ± 1.1 2.1 ± 0.6 0.3 ± 0.1 0.2 ± 0.0 0.7 ± 0.6 0.2 ± 0.0
22:1n-9 0.3 ± 0.2 0.3 ± 0.1 0.1 ± 0.1 0.1 ± 0.0 0.2 ± 0.1 0.1 ± 0.0
22:1n-7 0.2 ± 0.1 0.2 ± 0.0 0.1 ± 0.1 0.0 ± 0.0 0.2 ± 0.1 0.1 ± 0.0
24:1n-9 3.8 ± 0.9 1.4 ± 0.3 1.2 ± 0.4 0.9 ± 0.1 2.1 ± 0.6 0.8 ± 0.0

Total polyenoic 9.1 ± 2.5 32.4 ± 1.0 17.3 ± 2.6 46.3 ± 2.5 18.1 ± 6.8 50.2 ± 2.8
n-6 series 4.1 ± 1.1 4.2 ± 0.3 9.9 ± 0.9 5.0 ± 0.1 7.7 ± 2.2 4.9 ± 0.1
18:2n-6 0.7 ± 0.1 1.4 ± 0.0 1.9 ± 0.3 0.8 ± 0.0 0.9 ± 0.1 0.8 ± 0.0
20:2n-6 1.0 ± 0.8 0.3 ± 0.0 0.4 ± 0.1 0.2 ± 0.0 1.7 ± 1.4 0.2 ± 0.0
20:3n-6 0.1 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.1 ± 0.0 0.2 ± 0.1 0.1 ± 0.0
20:4n-6 1.0 ± 0.4 1.2 ± 0.1 4.8 ± 0.9 2.4 ± 0.0 2.6 ± 1.2 2.5 ± 0.1
22:3n-6 0.2 ± 0.1 0.2 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0
22:4n-6 0.4 ± 0.3 0.2 ± 0.0 1.1 ± 0.1 0.4 ± 0.0 1.2 ± 0.6 0.2 ± 0.0
22:5n-6 0.8 ± 0.5 0.5 ± 0.1 1.6 ± 0.5 1.0 ± 0.0 1.5 ± 0.9 0.8 ± 0.1

n-3 series 5.1 ± 1.7 28.2 ± 0.7 7.4 ± 1.8 41.4 ± 2.4 10.4 ± 5.0 45.3 ± 2.6
18:3n-3 0.2 ± 0.0 0.5 ± 0.0 0.4 ± 0.2 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0
18:4n-3 0.1 ± 0.1 0.6 ± 0.1 0.1 ± 0.1 0.1 ± 0.0 0.0 ± 0.0 0.2 ± 0.0
20:3n-3 0.1 ± 0.1 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0
20:4n-3 0.1 ± 0.1 0.4 ± 0.0 0.3 ± 0.1 0.2 ± 0.0 0.1 ± 0.1 0.3 ± 0.0
20:5n-3 0.6 ± 0.3 5.8 ± 0.5 1.0 ± 0.4 3.9 ± 0.0 1.5 ± 0.8 9.4 ± 0.0
22:4n-3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
22:5n-3 0.4 ± 0.1 1.6 ± 0.0 0.6 ± 0.2 2.1 ± 0.1 1.1 ± 0.6 1.7 ± 0.0
22:6n-3 3.5 ± 1.3 19.2 ± 1.3 4.8 ± 1.5 34.7 ± 2.3 7.3 ± 3.5 33.4 ± 2.6

Total FA 90.2 ± 3.0 97.7 ± 0.0 93.4 ± 1.8 94.7 ± 1.7 96.2 ± 0.5 98.7 ± 0.1
aResults are expressed as weight percentage of total FA. Data are mean ± SE for several samples (n = 5).
bIn Tables 3–5, the major FA are selected if at least one mean datum was detected at a level of 0.5% or more of total FA.



± 0.3% (4)], and T. thynnus [1.0 ± 0.5% (1); 1.4 ± 0.6% (25)].
On the other hand, both its visceral and orbital lipids were
comparatively high, and this paralleled that of other tuna
species (8). The comparatively low lipid levels of the mus-
cles (light and dark muscle) are a characteristic of this species
and are a general tendency of all the tuna species. 

Since the lipid compositions of its stomach contents were
at the same levels (2.7–2.8%) in samplings in both 1998 and
2000 (the samples 1 and 2), and since partly digested small
horse mackerel were found in the stomachs, these small fish
may be its main prey.

Lipid classes. The lipids of all specimens consistently con-
tained high levels of TAG, PE, and PC, amounting to more
than 50% (78.9–81.3% for the muscles, 49.1–66.5% for the
viscera, and 91.2–91.7% for the orbital lipids) of TL in all of
its organs. These high levels of glycerol derivatives might be
typical of marine fish, similar to those in other fish species.

The high level of TAG in the orbital lipids is a characteristic
of this organ, similar to other tuna species. Moderate levels of
FFA (10.5–35.7%) were found in the pyloric cecum and liver;
this may be a result of the degradation of TAG and phospho-
lipids by enzymatic metabolism. There have not been many pa-
pers reporting the detailed lipid classes of tuna species. 

FA composition of TAG and the influence of the prey lipids
on the visceral TAG. The lipids of marine pelagic fish species
generally contain many kinds of FA that originate from phy-
toplankton through zooplankton and micronekton in the ma-
rine food chain. Similar to lipids of other marine fish, such as
its prey fish (26), more than 50 FA compounds were detected
and identified in T. tonggol lipids; this wide range in the kinds
of FA detected in this species results from its high dietary in-
take. Although various kinds of FA, such as SFA, monoenes,
and PUFA, were found in its lipids, the total number of the
major FA in its TAG was limited to only several components,
whereas all other fish species generally have a less selective
accumulation of FA at significant levels. For example, the
particularly high DHA levels in all classes (TAG, PE, and PC)
of all its organs differed from those of other marine fish
species. DHA was the only major PUFA in its muscle TAG,
while low DHA levels were found in its stomach contents
TAG. 

On the other hand, the visceral lipids contained lower
DHA levels compared with those in muscle lipids. In particu-
lar, the DHA levels in the livers of sample 1 were low (9.0 ±
0.8%), which appeared to be related to the low DHA levels in
the prey lipids (3.5 ± 1.3%) originating from other marine fish
species (Table 6). Furthermore, the DHA levels (17.3 ± 2.9%)
of the liver TAG of sample 2 might also be influenced by the
lipids in the stomach contents (19.2 ± 1.3%). In addition,
compared with the high DHA levels in the muscle TAG, the
lower DHA levels in the visceral TAG might be directly due
to the prey lipids. Similarly, high levels of SFA, such as 16:0
and 18:0 (25.2 ± 2.5 and 9.8 ± 0.9%, respectively), were
found in the livers of sample 1, in accordance with those (25.1
± 1.2 and 9.9 ± 0.6%, respectively) in its prey lipids. The dif-
ferences in DHA levels in the visceral TAG (Table 4) between

samples 1 and 2 might reflect different climate conditions be-
tween 1998 and 2000, because the average seawater tempera-
ture at the site sampled in 1998 was higher than that in 2000
(28 vs. 22°C), and the lower DHA levels of sample 1 might
be attributed to the high seawater temperature, similar to that
of stomach of prey fish. 

As for the differences in DHA contents among the respec-
tive organs, the DHA levels of muscle (light and dark) TAG
were higher than that of visceral TAG such as liver and or-
bital TAG. The higher DHA levels in muscle compared with
internal organs suggest the selective accumulation of DHA
from the visceral depot lipids to the muscle TAG. The diges-
tion of lipid nutrients from prey organisms may be immedi-
ately related to the visceral lipid composition, such as liver
lipids, after absorption in the gastrointestinal tract of the fish.
Although prey lipids directly influenced the visceral ones, the
small fluctuation and higher DHA levels in the visceral lipids
compared with the large fluctuation and lower DHA levels of
the prey lipids suggest an accumulation of DHA during lipid
absorption. In sample 2, a great similarity in the FA composi-
tion of liver TAG lipid and stomach contents was found, and
a similar tendency was also seen in the liver of prey lipid TAG
in sample 1; therefore, the liver lipids seem greatly influenced
by the prey lipids. 

In contrast, the difference in the FA composition of the or-
bital TAG between the two samples was very small, similar
to that of the light muscle (see footnotes in Table 3); there-
fore, some concentration mechanism might be supposed in
the orbital lipids.

FA composition of tissue phosphoplipids. High levels of
n-3 PUFA are generally found in the tissue phospholipids in
all marine fish (1,10), because cell phospholipids serve many
membrane functions in the cells and are believed to be rich in
n-3 PUFA for membrane fluidity at marine temperatures. Al-
most all DHA levels in the phospholipids (PE and PC) in the
T. tonggol lipids exceeded 20% of TFA, similar to other tuna
species (1,10). The major FA components in PE were similar
to those in PC, with higher n-3 PUFA levels in PC; this is a
general tendency of all marine fish species. Consequently,
EPA was another major component of PC, coinciding with
high levels of DHA.

Characteristics of the FA composition in T. tonggol muscle
lipids. Consistently high DHA levels were observed in both
depot TAG and tissue phospholipids of muscle lipids. Al-
though there were different conditions for samples 1 and 2,
such as seawater temperature, body size, and season, the FA
compositions of the muscles in samples from both 1998 and
2000 were very similar. A high correlation between the re-
spective TFA of samples 1 and 2 both in the light muscle and
in the dark muscle were found; almost all of the types of FA
(TSA, total monoenes, total n-6 PUFA, and total n-3 PUFA in
TAG, PE, and PC) in sample 1 were the same as those in sam-
ple 2 according to t-test (11 similar in 12 cases of TFA in the
light muscle and 9 similar in 12 cases in the dark muscle).
This is a characteristic lipid pattern in T. tonggol, and it sug-
gests physiological control of the transfer of FA. 
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Difference in FA composition between muscle and vis-
ceral lipids and estimation of accumulation mechanism. The
high DHA levels in both TAG and phospholipids of both
light and dark muscle lipids characteristically differ from
those in many other fish species. The same tendency is seen
in other highly migratory fish. Note that T. tonggol belongs
to the genus Thunnus in the tribe Thunnini, and is similar to
other tuna species (18,19). According to the consistently
high levels of DHA in all muscle lipids including TAG, the
muscle lipids are less directly influenced by the prey lipid
composition, and this suggests a selective accumulation in
muscle.

Characteristics of orbital lipids. The orbital lipids might
also have the same accumulation mechanism as muscle lipids,
but different from that of visceral organs, such as liver. The
lipid and FA compositions of the orbital lipids in both sam-
ples 1 and 2 are very similar to each other, as seen with the
FA composition of the muscle lipids. A great similarity in the
respective TFA between samples 1 and 2 in the orbital was
found. Almost all the types of FA in TFA (TSA, total mono-
enes, total n-6 PUFA, and total n-3 PUFA in TAG, PE, and
PC) in sample 1 were the same as those in the sample 2 ac-
cording to the t-test (11 similar of 12 FA in the orbital lipid).
This same tendency is seen in muscle lipids of T. tonggol, and
it suggests the same accumulation mechanism occurs in the
orbital region; therefore, the consistency of the FA composi-
tion of the orbital lipids might indicate an important role in
the physiological homeostasis of the eyes.

Generality of high DHA levels in tuna species. The DHA
in the lipids of tuna species, such as T. tonggol, is derived
from the prey organisms and is accumulated; marine fish are
almost incapable of synthesizing DHA from shorter carbon
chains and lower unsaturated FA (11,12) and have a require-
ment for DHA as an essential nutrient. On the other hand,
Tocher (13) and Sidell et al. (14) suggested that MUFA are
preferentially oxidized for energy compared with DHA. Al-
though tuna species, including T. tonggol, absorb various FA
from their prey during their long migrations, they save only
DHA, while using SFA, monoenes, and shorter-chain and
lower unsaturated FA as an energy source. Tuna species there-
fore may accumulate DHA as a result of both its physiologi-
cal essentiality and metabolic stability. We conclude that all
tuna species may have a mechanism for concentrating DHA
in both their depot TAG and tissue phospholipids, resulting in
the highest DHA levels in their muscles. Moreover, it is sug-
gested from its lipid profile that the migratory ecology of T.
tonggol is similar to that of other tuna species, whose migra-
tion areas generally include the whole northwestern Pacific
Ocean. The close relationship between the lipid and DHA
compositions of this species and those of other tuna species
might be due to their similar metabolic adaptations to long-
distance migration; the high DHA levels in both neutral and
polar lipids among all the highly migratory fish species have
been discussed (7).
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ABSTRACT: Sesamol, which is derived from sesame seed lig-
nans, is reportedly an antioxidant. Nitric oxide (NO), the most
important vascular relaxing factor, is regulated in the endothe-
lium. In addition, NO is involved in protecting endothelium and
has antiatherosclerotic and antithrombotic activities. The en-
dothelium produces NO through the regulation of both endothe-
lial NO synthase (eNOS) expression and activity in endothelial
cells. This study sought to investigate the effect of sesamol on NO
released from human umbilical vein endothelial cells (HUVEC)
and to examine the expression and activity of eNOS. Sesamol in-
duced NO release from endothelial cells in a dose-dependent
manner (from 1 to 10 µM), as measured 24 h after treatment; the
expression of the eNOS gene at both transcription and translation
levels; and NOS activity in endothelial cells. The content of
cGMP was also increased by sesamol through NO signaling. The
transcription of eNOS induced by sesamol was confirmed
through the activation of PI-3 kinase-Akt (protein kinase B) sig-
naling. The results demonstrate that sesamol induces NOS signal-
ing pathways in HUVEC and suggest a role for sesamol in cardio-
vascular reactivity in vivo.

Paper no. L9718 in Lipids 40, 955–961 (September 2005).

Sesame, an important oilseed derived from Sesamum indicum,
is one of the oldest oilseeds known to humans and is consid-
ered to have nutritional value as well as medicinal effects. The
seed contains the minor components sesamin and sesamolin,
which are lignan compounds. After roasting sesame seeds, their
sesamolin content is lost, and the content of their derivative
compound sesamol increases (1,2) (Scheme 1). Extensive stud-
ies of sesamin have identified its antihypertensive effects (3–8),

antioxidative effects (9), and its ability to inhibit desaturation
in PUFA biosynthesis (10) and cholesterol absorption (11).
Sesamol has been found to have antioxidative effects (12) and
to induce growth arrest and apoptosis in cancer and cardiovas-
cular cells (13). Our previous study suggested that sesamol
might enhance vascular fibrinolytic capacity by its ability to
up-regulate the expression of plasminogen activators (PA),
such as urokinase PA (uPA) and tissue PA (tPA), in endothelial
cells (EC) (14).

The endothelium plays a primary regulatory role by secret-
ing substances that control both vascular tone and structure.
The most widely studied endothelium-derived relaxing factor
(EDRF) is nitric oxide (NO) (15,16); it is also considered to be
the most important EDRF. NO is derived from the transforma-
tion of the amino acid L-arginine to citrulline by NO synthase
(NOS) (17,18). Endothelial NOS (eNOS, or NOS3) is the main
type of NOS that is constitutively expressed in endothelium.
NO activates soluble guanylyl cyclase, which stimulates the
production of cGMP. Increased intracellular cGMP content in
vascular smooth muscle cells (VSMC) facilitates the extrusion
of intracellular calcium and leads to vascular relaxation (19).
In addition to stimulating vascular relaxation, NO plays a role
in antiatherosclerosis (20), antithrombosis (21), protection of
EC from damage by reactive oxygen species (ROS) (22), and
the survival of endothelium attacked by proinflammatory mol-
ecules (23).

In this study, we report that sesamol induces NO release from
EC and increases the levels of the product of NO signaling,
cGMP, in EC. The sesamol-induced increase in NO produced
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from EC is derived from both the induction of eNOS gene ex-
pression and the increase in NOS activity. Sesamol-induced
eNOS gene expression is confirmed to be mediated through the
PI-3 kinase (PI-3K)-Akt (protein kinase B) pathway.

MATERIALS AND METHODS

Chemicals and reagents. A nitrate/nitrite colorimetric assay kit
and cyclic GMP enzyme-linked immunosorbent assay (EIA)
kit were purchased from Cayman Chemical Co. Inc. (Ann
Arbor, MI). Collagenase and Taq DNA polymerase were ob-
tained from Roche Applied Science (Indianapolis, IN). M-199
medium, penicillin-streptomycin-glutamine (100×), FBS, and
SuperScript II Reverse Transcriptase were bought from Invit-
rogen Corporation (Carlsbad, CA). The [3H]-L-arginine-32P-
dCTP, polyvinylidene difluoride (PVDF) membrane, nylon
membrane (Hybond-N +), enhanced chemiluminescence
(ECL) detection system, random prime labeling system
(Rediprime), and hybridization buffer (Rapid-hyb buffer) were
sourced from Amersham Pharmacia Biotech (Arlington
Heights, IL). Sesamol, wortmannin, Nω-nitro-L-arginine
methyl ester (L-NAME), and DMSO were purchased from
Sigma-Aldrich Corporation (St. Louis, MO). EGM (EC
medium) was purchased from Clonetics (San Diego, CA). A
nitric oxide synthase assay kit was bought from Calbiochem,
EMD Biosciences, Inc. (Darmstadt, Germany). The Coomassie
blue protein assay was procured from Bio-Rad Laboratories,
Inc. (Richmond, CA). eNOS polyclonal antibody and Akt 1/2
polyclonal antibody were bought from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) monoclonal antibody was obtained from Bio-
genesis (Dorset, United Kingdom). The deoxy oligonucleotides
were synthesized from Mission Biotech (Taipei, Taiwan). QI-
Aquick Gel Extraction kit was obtained from Qiagen Inc. (Ger-
mantown, MD). Tri-Reagent was bought from Molecular Re-
search Center, Inc. (Cincinnati, OH). Phospho-Akt (Ser473)
monoclonal antibody was gotten from Cell Signaling Technol-
ogy (Beverly, MA).

Primary human umbilical vein endothelial cells (HUVEC)
culture. Human umbilical cords from normal deliveries or ce-
sarean sections were collected. In a tissue culture hood, both
ends of each cord (1 cm long) were excised with a sterile
scalpel to expose a sterile surface. The umbilical vein was per-
fused with 1× PBS and then with 0.2% collagenase in PBS so-
lution until the vein was distended. The two ends of the cord
were clamped with sterile clamps and incubated for 30 min at
37°C. Then, the cords were gently massaged to facilitate EC
detachment from the vessel wall. The solution was flushed out,
and the lumen of the vein was washed with M199 medium
(containing 1% penicillin-streptomycin). The cell suspension
was collected and centrifuged at about 100 × g for 5 min at 4°C.
The pellet was resuspended in M199 medium (containing 10%
serum and 1% penicillin-streptomycin). The cells were plated
on 10-cm culture plates and incubated in 37°C and 5% CO2
overnight. After attaching overnight, the cells were washed
with 1× PBS and grown in EGM supplemented with 12% FBS.

After full growth was completed, HUVEC were divided or
stored in liquid nitrogen (medium containing 20% DMSO
when stored). HUVEC between passages 3 and 7 were used for
experiment.

Treatment of cells. Before treatment, 1 × 106 cells were
seeded in each 10-cm dish in the medium containing 2% FBS
and incubated at 37°C under 5% CO2 overnight. The cells were
treated with sesamol (dissolved in DMSO) at various doses.
For the control group only DMSO was added. After treatment,
the cells were scraped from the dish, and medium and cells
were separated by centrifugation. The media and cell pellets
were stored at −70°C for the next step in the analysis.

Nitrate/nitrite measurement. Since the final products of NO
are nitrite (NO2

−) and nitrate (NO3
−), and the relative proportion

of NO2
− and NO3

− is variable and cannot be predicted with cer-
tainty, the best index of total NO production is the sum of NO2

−

plus NO3
−. The Cayman Chemical Nitrate/Nitrite Colorimetric

Assay kit provides a method for measurement of total nitrate/ni-
trite (the final products of NO); it was used to determine the NO
concentration in the cultured medium of cells. The EC were
treated with various doses of sesamol, after which the medium
was quickly collected. Nitrate in the sample was first converted
to nitrite with the addition of nitrate reductase. The presence of
nitrite in the samples or standards was detected by the addition
of Griess reagents and was quantitatively measured by spec-
trophotometer at 550 nm as described in the manual of the Cay-
man Chemical Nitrate/Nitrite Colorimetric Assay kit.

Northern blot analysis. The eNOS and GAPDH probes for
Northern blot analysis were synthesized by RT-PCR. The reverse
transcription (RT) was performed as described in the SuperScript
II Reverse Transcriptase manual. The PCR was performed as de-
scribed below. The primer used for eNOS was forward, 5′-
tccagtaacacagacagtgca-3′; reverse, 5′-caggaagtaagtgagagc-3′.
GAPDH: forward, 5′-tggtatcgtggaaggactca-3′; reverse, 5′-
agtgggtgtcgctgttgaag-3′. The PCR mixture contained 1× PCR
buffer (50 mM Tris/HCl, 10 mM KCl, 5 mM (NH4)2SO4, and 2
mM MgCl2), 0.2 mM dNTP, 0.4 µM of each primer, and 2.5 unit
of Fast Start Taq DNA polymerase. The PCR condition for
eNOS probe was as follows: The initial denaturing phase lasted
5 min at 94°C and was followed by a 40-cycle amplification
phase consisting of denaturation at 94°C for 1min, annealing at
63°C for 1 min, and elongation at 72°C for 1 min. Amplification
was terminated at 72°C for 7 min. The GAPDH probe synthesis
was as previously described (24). The size of PCR product for
eNOS and GAPDH was 693 and 370 bp, respectively. The PCR
product was purified with the QIAquick Gel Extraction kit.
Twenty nanograms of DNA fragment was labeled with 32P-
dCTP by the random prime labeling system for Northern blot
assay. Total RNA was isolated from cells cultured in 10-cm
dishes by the method that was described in the Tri-Reagent’s pro-
tocol. Ten to 20 µg of total RNA was loaded and run in 1%
agarose/formaldehyde gel electrophoresis as described previ-
ously (25) and then was transferred onto a nylon membrane. Hy-
bridization took place at 65°C for 16 h as described in the hy-
bridization buffer manual. The membrane was then washed once
with solution A [5× saline-sodium citrate (SSC), 0.1% SDS] at
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65°C for 20 min, and twice with solution B (0.1× SSC, 0.1%
SDS) at 65°C for 20 min. Finally, the membrane was analyzed
by autoradiography.

Western blot analysis. Western blot was used to detect the
protein level of the eNOS. Cell lysate was prepared in cell lysis
buffer [150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1%
SDS, 50 mM Tris (pH 7.5), 1 µM Na orthovanadate, 2 mM
sodium pyrophosphate, 1 mM PMSF, and 0.7 µg/mL leu-
peptin], and the protein content of the lysate was determined
using the Coomassie blue protein assay. Forty micrograms of
protein was loaded and run in 10% SDS-PAGE and transferred
to PVDF membranes in a semidry apparatus. The membranes
were blocked in 20 mM Tris (pH 7.6), 137 mM NaCl, 0.1%
Tween-20  (Tris-buffered saline Tween-20; TBST), and 4%
nonfat dry milk for 90 min at room temperature. Membranes
were first incubated overnight at 4°C in TBST containing non-
fat milk and primary antibody, then washed three times for 15-
min intervals at 22°C in TBST, and finally incubated for 90 min
at room temperature in TBST containing nonfat milk and sec-
ondary antibody (1:7,500 dilution). Following three washes in
TBST, immunoreactive bands were detected using the ECL de-
tection system from Amersham Pharmacia Biotech according
to the manufacturer’s instructions.

Total NO synthase activity (L-citrulline assay). Total NO
synthase activity was quantified by measuring conversion of
[3H]-L-arginine to [3H]-L-citrulline by the Nitric Oxide Syn-
thase Assay Kit. Cells were first lysed with 1× homogenization
buffer as described in kit protocol materials. Cell membranes
were isolated from the pellet fraction after centrifugation at
15,000 × g. The pellet was then suspended in 100 µL of 1× ho-
mogenization buffer. The protein concentration of the homoge-
nized sample was first quantified; each sample was assayed as
described in the manual of the kit. The NOS activity was deter-
mined by detecting the radioactivity of [3H]-L-citrulline and
normalized according to the radioactivity of [3H]-L-arginine
applied and the protein concentration of the lysate of HUVEC.

Cyclic GMP assay. A cyclic GMP EIA kit was used to
quantify the level of cGMP in the cells. All the procedures were
carried out according to the method described in the kit.

Statistical tests. All values are given as the mean ± SD of
triplicates. All the data were subjected to statistical analysis be-
fore normalization according to the control. Statistical analysis
of Northern blot, Western blot, or NOS assays was performed
after normalization according to the internal control. Differ-
ences between the groups were calculated by ANOVA with
post hoc analysis (LSD). A value of P < 0.05 was considered
significant.

RESULTS

Sesamol induces NO release from HUVEC.  Since the medici-
nal effects of sesamol are not clear, and NO plays a role in va-
sorelaxation and endothelium protection, we are interested in
whether sesamol will induce NO release from EC. HUVEC
were treated with different concentrations (1, 5, and 10 µM) of
sesamol for 8 and 24 h; and the concentration of nitrate and ni-

trite, the end products of NO, in the culture medium of cells
was determined. After 8 h, we did not find any variation in the
NO concentration in the medium for the three sesamol treat-
ments (Fig. 1A). However, after 24 h, the NO concentration
had increased in a dose-dependent manner. The highest induc-
tion of NO concentration was an approximately 1.6-fold in-
crease with treatment by 10 µM of sesamol (Fig. 1B).

Sesamol increases cGMP content in HUVEC through NO
signaling. Since cGMP is the subsequent signal induced by
NO, we checked the content of cGMP in the sesamol-treated
HUVEC. After 24 h of treatment, sesamol increased the cGMP
content in EC in a dose-depent manner (Fig. 2A). We further
checked the cGMP level when sesamol was coincubated with
the inhibitor of NOS, L-NAME. The induction of cGMP level
by sesamol (10 µM)-treated EC was inhibited by 3 mM of L-
NAME (Fig. 2B). Our results indicated that the cGMP induced
by sesamol was through NO signaling.

Sesamol induces eNOS mRNA expression in HUVEC.  Since
sesamol induced NO release from EC after 24 h, we first deter-
mined the eNOS mRNA expression in EC treated with
sesamol. From the Northern blot (Fig. 2A), the eNOS mRNA
expression was found to be induced about twofold by sesamol
with 5 and 10 µM in HUVEC after 24 h of cell treatment (Fig.
3A). We further checked the time intervals of eNOS mRNA
expression in HUVEC treated with 10 µM of sesamol. As
shown in Figure 3B, the eNOS mRNA expression of the cells
treated with 10 µM of sesamol was more than the control group
at each interval from 8 to 48 h.
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FIG. 1. Nitric oxide (NO) level in the medium of human umbilical vein
endothelial cells (HUVEC) treated with sesamol. The NO concentration
was determined by detection of total nitrate and nitrite in the medium
of HUVEC treated with sesamol for 8 h (A) and 24 h (B). *P < 0.05, **P
< 0.01 vs. control, n = 3 per group by ANOVA test with post hoc analy-
sis (LSD). The control levels of nitrate and nitrite after 8 and 24 h of
treatments are 6.89 ± 0.24 and 6.44 ± 0.39 µM, respectively.



Sesamol induces eNOS protein expression and NOS activity
in HUVEC.  From previous results indicating that sesamol in-
duced eNOS mRNA expression in the EC, we further checked
the protein expression and enzyme activity of eNOS when EC
were treated with sesamol. Western blot showed that the ex-
pression of eNOS protein was induced by sesamol in a concen-
tration-dependent manner (from 1 to 10 µM) after 24 h of treat-
ment (Fig. 4A). The induction of eNOS protein by 5 or 10 µM
of sesamol treatment was about 2- to 2.5-fold. We further ana-
lyzed the NOS activity of the EC treated with sesamol. The
NOS activity of EC was significantly induced by 5 and 10 µM
sesamol to about 1.5- and 1.6–fold, respectively, after 24 h of
treatment (Fig. 4B). Thus, we confirmed that the induction of
NO release from EC by sesamol was due to the induction of
eNOS expression and activity by sesamol.

PI-3K/Akt pathway is involved in sesamol-induced eNOS
gene expression. eNOS expression and activity are reported to
be regulated by PI-3K/Akt (26–29). To determine whether
sesamol-induced eNOS gene expression was through PI-
3K/Akt, we used the PI-3K inhibitor, wortmannin. The North-
ern blot results indicated that the eNOS gene expression was
induced 1.4-fold by 10 µM of sesamol after 24 h of treatment;
however, the induction of eNOS gene expression by sesamol
was down-regulated to the range as control by wortmannin (50
nM)(Fig. 5A). Furthermore, we checked whether the phospho-
rylation of Akt (Ser 473) would be induced in EC by sesamol.

From Western blot, we found that the Akt phosphorylation (Ser
473) was induced by sesamol in a concentration-dependent
manner after 24 h of sesamol treatment (5 and 10 µM with 1.4-
and 2.3-fold respectively) (Fig. 5B).

DISCUSSION

The EC serves several functions in the vascular milieu, one of
the most important being the regulation of vascular tone. A
major determinant of vascular tone is the endothelial product,
EDRF, which is NO or a related molecule. In sesame lignans,
many in vivo studies suggest that sesamin has a role in the an-
tihypertensive response (3–8), but the role of sesamol has
never been elucidated. In our previous investigation, we found
that sesamin (10 µM) not only enhanced NO release but also
decreased endothelin-1 (ET-1), a potent vasoconstrictor pro-
duced from EC. Furthermore, we found that sesamin (10 µM)
could induce eNOS but inhibit endothelin-converting enzyme-
1 (ECE-1) mRNA and protein expressions. We suggested that
the induction of NO and the inhibition of ET-1 by sesamin was
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FIG. 2. cGMP content in HUVEC treated with sesamol. (A) The content
of cGMP in HUVEC treated with different doses of sesamol (shown) for
24 h. **P < 0.01 vs. control, n = 3 per group by ANOVA test with post
hoc analysis (LSD). (B) The cGMP content in HUVEC treated with
sesamol (10 µM) or sesamol (10 µM) combined with Nω-nitro-L-argi-
nine methyl ester (L-NAME) (3 mM) for 24 h. **P < 0.01 vs. control, ##P
< 0.01 sesamol alone vs. sesamol combined with L-NAME, n = 3 per
group by t test. The control level of cGMP is 0.24 ± 0.025 pmol per
plate. For other abbreviation see Figure 1.

FIG. 3. The endothelial NO synthase (eNOS) mRNA expression in
HUVEC treated with sesamol. (A) The Northern blot of eNOS mRNA
expression in HUVEC treated with a control (C) (DMSO) and different
doses of sesamol (shown) for 24 h. The signals were quantified by den-
sitometer, and the comparative eNOS mRNA expression was calculated
by normalization to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and control. **P < 0.01 vs. control, n = 3 per group by
ANOVA test with post hoc analysis (LSD). (B) The Northern blot of
eNOS mRNA expression in HUVEC treated with DMSO (control) and
sesamol (10 µM) with different time intervals. The signals were quanti-
fied by densitometer, and the comparative eNOS mRNA expression was
calculated by normalization to GAPDH and control 8 h. **P < 0.01
sesamol vs. each time interval of control by t test, n = 3 per group. For
other abbreviation see Figure 1.



implicated in its antihypertensive effects (30). In this study,
we investigated the other sesame lignan, sesamol, and found
that sesamol (10 µM) could also induce NO release from EC
through inducing the expression of eNOS and through the en-
hancement of NOS activity in the HUVEC. Furthermore, we
also demonstrated that sesamol could increase the levels of
NO and cGMP, the latter of which is induced by NO signaling
and is responsible for the relaxation of the VSMC. However,
we did not obtain the same result when using sesamin (10 µM)
to inhibit ET-1 as when we treated the HUVEC with 10 µM of
sesamol (data not shown). We did, however, observe that the
ET-1 and ECE-1 expression could be inhibited by 100 µM of
sesamol (data not shown). Whether sesamol has an antihyper-
tensive effect by vasorelaxation in the hypertensive rat model
needs to be determined.

The physiological function of NO derived from endothe-
lium is not just in inducing vasodilatation. NO also plays a role

in inhibiting the expression of adhesion molecules on EC; thus
NO helps prevent the adherence of cellular elements to the vas-
cular wall. NO has also antithrombotic effects by inhibiting
platelet aggregation and inhibiting synthesis of different fac-
tors involved in the coagulation cascade (31). Moreover, NO
plays a role in protecting EC from the cellular or the DNA in-
jury induced by ROS or other cytotoxic agents (22,32–35). The
deficiency of vascular endothelium in the generation of bioac-
tive NO correlates with the aging of the EC (36). NO also pro-
motes EC survival by inhibiting the cysteine protease activity
of caspases via S-nitrosylation of the reactive cysteine residue
(37). In this study, the finding that sesamol induced NO and
eNOS gene expression in EC prompts us to recognize the value
of role of sesamol in the prevention of the aging process of EC
and the repair capacity of injured vascular EC, as well as in the
prevention of atherosclerosis and thrombosis in vessels. In ad-
dition, our previous study showed that sesamol increased the
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FIG. 4. The eNOS protein expression and nitric oxide synthase (NOS)
activity in HUVEC treated with sesamol. (A) The Western blot of eNOS
protein expression in HUVEC treated with different doses of sesamol for
24 h. The signals were quantified by densitometer, and the comparative
eNOS protein expression was calculated by normalization to GAPDH
and control. **P < 0.01 vs. control, n = 3 per group by ANOVA test with
post hoc analysis (LSD). (B) The NOS activity was determined by de-
tecting the radioactivity in [3H]-L-citrulline that was converted from
[3H]-L-arginine by the lysate of HUVEC after 24 h of sesamol treatment.
After the radioactivity of [3H]-L-citrulline had been determined, the
comparative activity was performed by normalization to the radioactiv-
ity of [3H]-L-arginine applied, concentration of protein. *P < 0.01 vs.
control, n = 3 per group by ANOVA test with post hoc analysis (LSD).
The control value of [3H]-L-citrulline/[3H]-L-arginine/protein concentra-
tion is 2.54 ± 0.2. For other abbreviations see Figures 1 and 3.

FIG. 5. The effect of eNOS mRNA induced by sesamol through PI-3K
and the sesamol on the activation of Akt in HUVEC. (A) The Northern
blot of eNOS mRNA expression in HUVEC treated with DMSO (con-
trol) or treated with sesamol (10 µM) in the presence or absence of wort-
mannin (50 nM) for 24 h. The signals were quantified by densitometer,
and the comparative eNOS mRNA expression was calculated by nor-
malization to GAPDH and control. **P < 0.01 vs. control, n = 3 per
group by t test. ##P < 0.01 sesamol combined with wortmannin vs.
sesamol alone, n = 3 per group by t test. (B) The Western blot of phos-
pho-Akt (Ser 473) expression in HUVEC treated with sesamol for 24 h.
The signals were quantified by densitometer, and the comparative phos-
pho-Akt (Ser 473) expression was calculated by normalization to total
Akt and control. *P < 0.05, **P < 0.01 vs. control, n = 3 per group by
ANOVA test with post hoc analysis (LSD). Akt, protein kinase B; PI-3K,
PI-3 kinase; for other abbreviations see Figures 1 and 3.



production of uPA and tPA significantly and also up-regulated
the mRNA expressions of these proteins. The induction of uPA
and tPA suggests that the overall vascular fibrinolytic capacity
may be enhanced by the treatment with sesamol (14). These re-
sults demonstrate that sesamol induces NOS signaling path-
ways in HUVEC and suggest it has a role in cardiovascular re-
activity in vivo. Perhaps sesamol has positive effects in pre-
venting the processes of atherosclerosis and thrombosis, the
major problems evident in cardiovascular disease.

The enhancement of EC survival by NO is derived from the
activation of eNOS, which is phosphorylated and activated
through PI-3K/Akt signaling activation (26,27). The expres-
sion of the eNOS gene, regulated through a PI-3K-dependent
pathway, has also been investigated (28,29). Our results—that
sesamol-induced eNOS mRNA expression was blocked by PI-
3K inhibitor and that Akt phosphorylation was induced by
sesamol in EC—suggest that one of the mechanisms of
sesamol in inducing eNOS gene expression is through PI-
3K/Akt activation. Since the role of PI-3K/Akt activation and
NO is strongly correlated with EC survival and angiogenesis
(38), the effect of sesamol on EC deserves further investiga-
tion. The concentration of NO in the cell medium was not al-
tered by sesamol treatment at less than 8 h of exposure to the
compound, but was concentration-dependently influenced after
24 h of treatment. From the Northern blots, we found that
sesamol induced the expression of eNOS mRNA before 8 h.
The reason for the time delay of NO may be due to the process
of NO synthesis and the conversion to nitrate and nitrite. In ad-
dition, nitrate and nitrite are trace elements that require time to
accumulate to a significant level.
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ABSTRACT: Reinvestigation of the current FA composition of
the regional freshwater sponge Baicalospongia bacillifera showed
that the main measured isomer of EPA (14% of the total FA now
detected) is, in fact, an unusual 5Z,8Z,11Z,14Z,18E-EPA. Two
other isomers of this acid also present were identified as a novel
5Z,8Z,11Z,15Z,18E-EPA and the common methylene-interrupted
5Z,8Z,11Z,14Z,17Z-EPA (usually written simply as EPA). Isola-
tion of these acids as their methyl ester derivatives was accom-
plished with the use of a combination of silver-ion column chro-
matography and HPLC. The structure of the two new compounds
was deduced from GC–MS and detailed NMR data. Partial hy-
drazine reduction of all three isolated EPA esters followed by sep-
aration of cis/trans isomers of the resulting monoenoic acids and
GC–MS analysis of their dimethyl disulfide adducts were used for
determination of the configuration and position of the double
bonds. We may assume that the sponge B. bacillifera cannot re-
ceive these unusual EPA isomers directly from food sources (e.g.,
algal diatoms), and accordingly restructuring of ordinary EPA to
novel acids may take place in the sponge tissue.

Paper no. L9786 in Lipids 40, 963–968 (September 2005).

Freshwater and marine sponges are very primitive multicellu-
lar animals characterized by the presence of several groups of
symbiotic organisms and an extremely wide diversity in their
FA compositions (1). Unique sponge biomembranes contain a
high proportion of unusual FA (2,3) (i.e., very long chain
C24–C32 constituents named demospongic acids), some of
which show a high biological activity (4–7). Among more than
5000 known sponges, about 150 species live in freshwater.
Three regional genera, Baicalospongia, Lubomirskia, and
Swartschewskia, occur in Lake Baikal (Russia); these sponges
are leading species of biological bottom communities of the
lake. The FA composition of Baikal sponges was reported for
the first time by Dembitsky in 1981 (8,9). Further investigation
of lipids of these sponges led to description of 185 FA in B.
bacillifera (10) and of 183 FA in L. baicalensis (11). Unfortu-
nately, individual FA have not been isolated from sponge lipids
and have been identified solely using GC or GC–MS methods;
NMR data have also not been reported. As with other sponge
species, a careful analysis of FA chemical structures in the Lake

Baikal sponges was performed for demospongic acids with
very long chains.

In 1998, during our investigation of medium- and long-chain
∆5 and ∆4 FA in the Baikal sponge B. bacillifera, we showed the
presence of a few minor isomers of EPA in the total FA (12). One
of them was identified as 5Z,8Z,11E,14Z,17Z-EPA (0.7% of total
FA), but, following other researchers, we determined the main
EPA isomer (<7% of total FA) to be normal methylene-inter-
rupted 5Z,8Z,11Z,14Z,17Z-EPA on the basis of its GC and MS
data only (12). To monitor the food relationship between the
main symbiotic groups of the Lake Baikal sponges, we have now
paid more attention to some isomeric FA in the species under
study. This work describes the results of our attempts to isolate
and determine the chemical structures of all of the EPA isomers
from the freshwater sponge B. bacillifera.

EXPERIMENTAL PROCEDURES

Materials. All solvents, acetyl chloride, dimethyl disulfide
(DMDS), iodine, platinum oxide, pyrrolidine, silver nitrate,
sodium thiosulfate, and sodium sulfate were purchased from
Merck (Darmstadt, Germany). All reagents and solvents were of
analytical or HPLC grade. The methyl ester of 5Z,8Z,11Z,14Z,
17Z-EPA (EPA) and the saturated FA (14:0, 16:0, 20:0) used as
GC standards were obtained from Sigma Chemical Co. (St
Quentin-Fallavier, France). Methyl esters of 9Z-octadecenoic and
9E-octadecenoic acids were purchased from Sigma (St. Louis,
MO). TLC was carried out on precoated Merck Kieselgel 60 G
plates (10 × 10 cm). Aldrich (Steinheim, Germany) silica gel,
Merck grade 9385, 60 Å was used for column chromatography.
Evaporation was carried out under reduced pressure at 35°C.

Preparation of total FAME. Baicalospongia bacillifera
specimens were collected in May 2003 on the western coast of
Lake Baikal at 15 m depth using scuba equipment. Extraction
of total lipids was conducted according to Bligh and Dyer (13)
immediately after sampling. The extract was stored at –18°C.

On an analytical scale, total FAME were obtained by a se-
quential treatment of the total lipids with 1% MeONa/MeOH
(30 min, 60°C) and 5% HCl/MeOH (30 min, 60°C) according
to Carreau and Dubacq (14). The crude FAME were extracted
with hexane and purified on a preparative TLC plate that was
eluted with benzene.

On a preparative scale, about 1 g of total lipids was sus-
pended in 1% MeONa/MeOH (30 mL) and heated with peri-
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odic shaking during 1 h at 65°C in a capped vial. After cool-
ing, water (1 mL) was added, and crude FAME were extracted
with hexane (3 × 10 mL). The combined extracts were evap-
orated, and the residue (0.6 g) was redissolved in a small
amount of hexane and placed on a column (25 × 2 cm i.d.)
with 50 g of silica gel in hexane. The column was eluted (3
mL/min) by a step gradient of hexane/benzene [9:1 (100 mL),
7:3 (100 mL), 4:6 (100 mL), and 1:9 (200 mL), vol/vol]. Frac-
tions of 20 mL were collected and their compositions checked
by TLC plates developed in benzene. Fractions with pure
FAME were combined, and 0.5 g of pure FAME was obtained
after evaporation.

Isolation of EPA isomers. About 0.5 g of pure FAME was
placed onto a column (25 × 2 cm i.d.) with 50 g of silica gel im-
pregnated with 5 g of AgNO3 in hexane and eluted (3 mL/min)
by a step gradient of hexane/benzene [9:1 (100 mL), 2:8 (200
mL), vol/vol], and pure benzene (500 mL). Fractions (15 mL)
were collected and their compositions checked by silver-ion TLC
plates developed in hexane/benzene (4:6, vol/vol). The fractions
containing polyunsaturated FAME were combined to give 50 mg
of a light yellow oil. This oil was subjected to HPLC on a Zor-
bax (Chadds Ford, PA) ODS column (25 cm × 9.4 mm i.d., 5
µm), eluted with acetonitrile at 4 mL/min, using a Laboratorni
pristroje (Prague, Czech Republic) HPP-5001 pump equipped
with a Rheodyne (Rohnert Park, CA) Model 7125i injector and
a differential refractometer RIDK-102 (Laboratory Instruments,
Prague, Czech Republic). The peaks were collected manually
and their compositions determined by GC. The fraction contain-
ing a mixture of EPA methyl esters was repeatedly separated by
HPLC, using acetonitrile/water (75:25, vol/vol) as the eluting
solvent, to obtain 1.5 mg of ester l, 15 mg of ester 2, and 2 mg of
ester 3 with a purity of more than 90% each, shown by GC data
(Scheme 1).

Reduction of EPA esters to monoenoic FAME. Hydrazine re-
duction of methyl esters 1–3 (1 mg of each) was performed at
60°C in the mixture of 1.5 mL MeOH, 80 µL H2O2, and 120
µL hydrazine hydrate. After 90 min, the reaction was termi-
nated by addition of 1.5 mL 2 N HCl. FAME were extracted
with 3 mL hexane, and monoenoic cis and trans isomers were
isolated by silver-ion TLC in benzene/hexane (6:4, vol/vol).
Methyl esters of 9Z-18:1 and 9E-18:1 were used as the authen-
tic control standards. The monoenoic FAME obtained were an-
alyzed by GC and additionally converted to DMDS adducts as

follows (15): The monoenoic FAME (0.3 mg) were dissolved
in DMDS (0.2 mL), and a solution (0.05 mL) of iodine in di-
ethyl ether (60 mg/mL) was added. After 24 h, hexane (5 mL)
was added; the mixture was washed with dilute sodium thio-
sulfate solution, dried over anhydrous sodium sulfate, and
evaporated to dryness. The DMDS adducts of monoenoic
FAME obtained were analyzed by GC–MS.

FAME derivatization. N-Acyl pyrrolidide derivatives were
prepared by direct treatment of the FAME with pyrrolidine/ace-
tic acid (10:1, vol/vol) in a capped vial (24 h, 25°C) followed
by ethereal extraction from the acidified solution and purifica-
tion by preparative TLC developed in ethyl acetate. Hydro-
genation of FAME was carried out in methanol solution in the
presence of catalytic amounts of PtO2.

Chromatographic and instrumental methods. Preparative
Ag+-TLC of FAME was carried out on plates impregnated with
AgNO3 by immersion in a 10% (wt/vol) solution of AgNO3 in
MeOH according to current practice (16). The plates were de-
veloped twice with hexane/ether/AcOH (94:3:3, by vol). After
development, plate edges (0.5 cm) were sprayed with 10%
H2SO4/MeOH and heated at 110°C. Bands corresponding to
the FAME identified were scraped from the plate, eluted with
chloroform/methanol (9:1, vol/vol), evaporated, and stored at
–18°C in hexane solution.

GC analysis of FAME was carried out on a Shimadzu GC-
17A gas chromatograph (Kyoto, Japan) with an FID on a SU-
PELCOWAX 10 (Supelco, Bellefonte, PA) capillary column
(30 m × 0.25 mm i.d.) at 210°C. Helium was used as the car-
rier gas at a linear velocity 30 cm/s. FAME were identified by
comparison with authentic standards and suggestions using the
table of ECL (17).

GC–MS of FAME from B. bacillifera was performed with a
Shimadzu GCMS-QP5050A instrument using GS-MS Solution
software for data analysis. A Supelco MDN-5S capillary column
(5% diphenyl/95% dimethylsiloxane; 30 m × 0.25 mm) was used
in the split (1:25) injection mode. The injector temperature was
250°C, and the oven temperature was 160°C with a 2°C/min
temperature ramp to a final temperature of 240°C that was then
held for 20 min (detector temperature 250°C). Helium was used
as the carrier gas at a linear velocity 30 cm/s. GC–MS of N-acyl
pyrrolidide and DMDS derivatives was performed on the same
instrument; injector and detector temperatures were 300°C. For
analysis of pyrrolidide, the oven temperature was 210°C with a
3°C/min temperature ramp to a final temperature of 270°C that
was held for 40 min. For DMDS adducts analysis, the oven tem-
perature was 220°C with a 1.5°C/min temperature ramp to a final
temperature of 290°C that was held for 40 min.

1H and 13C NMR of the FAME were recorded using a
Bruker DPX-500 spectrometer (Karlsruhe, Germany) at 500
and 125 MHz, respectively, in CDCl3 with tetramethylsilane as
an internal standard.

RESULTS AND DISCUSSION

The GC–MS chromatogram of total FAME from B. bacillifera
indicated the presence of several peaks with molecular ions
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(M+) at m/z 316 each that were preliminarily assumed to be the
methyl esters of EPA isomers (20:5). We earlier determined one
of these isomers as the methyl ester of 5Z,8Z,11E,14Z,17Z-EPA
(12). To investigate the chemical structure of the other EPA iso-
mers, a polyunsaturated fraction of FAME was separated by
low-pressure Ag+ column chromatography. The total fraction
of EPA methyl esters was isolated from the fraction obtained
by fast RP-HPLC using acetonitrile, and then individual EPA
ester isomers were separated by RP-HPLC using a mixture of
acetonitrile/water to give the three main compounds A, B, and
C (1:10:1.3, by weight) of <90% purity according to GC.

Compounds A–C were transformed into the saturated deriv-
atives by catalytic hydrogenation. The latter compounds
coeluted with authentic methyl eicosanoate (20:0) on GC
analysis, and their mass spectra gave a molecular ion peak at
m/z 326 (M+), confirming the presence of five double bonds
and a straight C20 chain in the original FAME. Our attempt to
determine the position of double bonds in compounds A–C by
GC–MS analysis of their N-acyl pyrrolidide derivatives was
unsuccessful. A molecular ion peak of the derivatives at m/z
355 (M+) corresponded to the pyrrolidide of EPA, but we could
not detect a significant difference between the pyrrolidide mass
spectra of authentic EPA and compounds A–C, and also we
could not determine the exact positions of double bonds be-
cause of a low intensity of distinctive fragmentation ions in a
high mass range.

To solve this new problem, the generally accepted method
of hydrazine reduction used to determine the position and
geometry of double bonds in the carbon chain of PUFA (18)
was initially applied to the whole A–C fraction. After nonselec-
tive partial reduction of double bonds in the EPA molecules,
we obtained a mixture of C20 acids of varying degrees of un-
saturation, containing about 30% of monoenoic acids. These
monoenoic acids must contain a mixture of five cis isomeric
20:1 acids, each corresponding to one of the five double bonds
in the carbon chain of the normal EPA molecule and describ-
ing the position and geometry of these double bonds. However,
the monoenoic acids from A–C could be separated by prepara-
tive Ag-TLC into two fractions: cis and trans isomers possess-
ing Rf 0.31–0.53 and Rf 0.53–0.73, respectively. It has been
demonstrated that in GC analysis the peaks of cis and trans iso-
mers do not overlap in the vast majority of cases (19). The dou-
ble bond positions were then determined by GC–MS of the cor-
responding DMDS adducts of the respective fractions of
monoenoic FAME.

All five monoenoic FAME obtained by reduction of com-
ponent A were found in the fraction of cis isomers. The mass
spectra of the DMDS adducts of these five monoenoic FAME
gave molecular ion peaks at m/z 418 (M+) and five pairs of
abundant fragments at m/z 161 (C7H13SO2

+) and 257
(C16H33S+), m/z 203 (C10H19SO2

+) and 215 (C13H27S+), m/z
245 (C13H25SO2

+) and 173 (C10H21S+), m/z 287 (C16H31SO2
+)

and 131 (C7H15S+), and m/z 329 (C19H37SO2
+) and 89

(C4H9S+), indicating that the double bonds were localized at 5,
8, 11, 14 and 17 carbon atoms of the original compound A, cor-
respondingly. These fragments reflect the cleavages exempli-

fied by Figure 1B,D,E. We also observed characteristic peaks
at m/z 129, 171, 213, 255, and 297, which are due to the loss of
methanol from the corresponding fragment ion peaks (CnH2n-

1SO2 – MeOH)+. From these data, the structure of compound
A was determined as the methyl ester of the commonly occur-
ring EPA,  5Z,8Z,11Z,14Z,17Z-EPA 1.

Four of five monoenoic FAME (20:1) obtained by reduction
of component B belonged to the fraction of cis isomers. The
mass spectra of their DMDS adducts afforded the same molec-
ular ion and fragment peaks as the DMDS adducts synthesized
from compound A (see above), indicating that four double
bonds were localized at 5, 8, 11, and 14 carbon atoms of the
original compound B (Fig. 1D,E). The last monoenoic 20:1
ester was found in the Ag-TLC fraction of trans isomers. The
MS of the DMDS adduct of this ester showed a molecular ion
peak at m/z 418 (M+, 5%). The double bond was localized be-
tween carbons 18 and 19 based on the abundant fragmentations
at m/z 343 (C20H39SO2

+, 100%) and m/z 75 (C3H7S+, 91%)
(Fig. 1A). We could also observe a characteristic peak at m/z
311 (C20H39SO2

+ – MeOH, 90%). From these data, the struc-
ture of the compound B was determined as the methyl ester of
the unusual 5Z,8Z,11Z,14Z,18E-EPA 2.

Four of five monoenoic FAME obtained by reduction of
component C were 5Z-20:1, 8Z-20:1, 11Z-20:1, and 18E-20:1
acid methyl esters. The structures of these monoenoic FAME
were determined using preparative Ag-TLC and GC–MS of
DMDS adducts (Fig. 1A,E) as described above for components
A and B. The fifth 20:1 methyl ester was present in the cis
isomer fraction. The MS of the DMDS adduct of this ester
showed a molecular ion peak at m/z 418 (M+, 5%). The double
bond was located between carbons 15 and 16 based on the frag-
mentations at m/z 301 (C17H33SO2

+, 100%), 117 (C6H13S+,
99%), and 269 (C17H33SO2

+ – MeOH, 96%) (Fig. 1C). From
these data, the structure of compound B was determined to be
the methyl ester of the unusual 5Z,8Z,11Z,15Z,18E-EPA 3.

It should be noted that only DMDS adducts of 14Z-20:1,
15Z-20:1, 17Z-20:1, and 18E-20:1 methyl esters completely
separated during GC–MS analysis using the MDN-5S column.
Partially resolved DMDS adducts of other monoenoic acid
methyl esters (5Z-20:1, 8Z-20:1, and 11Z-20:1) containing a
double bond in the middle of a chain were eluted as one broad
peak, but the determination of individual components in this
peak is very simple because of clear and unambiguous inter-
pretation (15) of the fragmentation of DMDS adduct (Fig. 1E).

The NMR data for the methyl ester of the novel EPA isomer
2 are shown in Table 1. The 1H NMR (500 MHz) in CDCl3
showed the presence of two olefinic methines (δ 5.41–5.48)
separated from another eight olefinic methines (δ 5.33–5.41),
one methoxycarbonyl group (δ 3.67), three aliphatic methyl-
enes located between double bonds (= CH–CH2–CH=) (δ
2.79–2.84), one aliphatic methylene in an β-position to the car-
boxyl group (δ 2.32), three allylic methylenes (–CH2–CH=) (δ
2.01–2.15), one aliphatic methylene in a β-position to the car-
boxyl group (δ 1.71), and one methyl group (δ 1.65). Owing to
the influence of the nearest ∆18 double bond, the chemical shift
of the terminal methyl group in ester 2 was noticeably higher
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than the shift of the same group (δ 0.89) in most aliphatic
FAME. The attribution of the proton signals was mainly ob-
tained from a 1H-1H chemical shift correlation spectroscopy
(COSY-45) experiment (Fig. 2). On the one hand, the amount,
chemical shifts, and interactions of protons at the range from
C-2 to C-15 were typical for ∆5 polyunsaturated methylene-in-
terrupted FAME (20). The signal of ∆5,8,11,14 protons in the
range of 5.33–5.41 correlated with the multiplets at δ 2.79–2.84
(2H-7, 2H-10, 2H-13) and at δ 2.09–2.15 (2H-4, 2H-16). On
the other hand, the COSY experiment showed characteristic
coupling from the n-1 protons (3H, δ 1.65, doublet) to the sep-
arated olefinic signal at δ 5.41–5.48 (H-19, H-17) that in turn
indicated coupling with the methylene group at δ 2.04 (2H-17).

The 13C NMR (125 MHz) spectrum in CDCl3 confirmed the
presence of 21 carbon atoms in a molecule of the main EPA iso-
mer ester 2 (12 peaks of primary and tertiary atoms and 8 peaks
of secondary atoms, as was shown in the distortionless enhance-
ment by polarization transfer-135 experiment). It was clear from

our data (Table 1) that there were one carbonyl carbon (δ
173.98), ten olefinic methines (=CH–) (δ 125–131), one
methoxycarbonyl group (δ 51.38), eight aliphatic methylenes (δ
24–34), and one methyl group (δ 17.81) shifted to a low field in
comparison with a terminal methyl group of hydrocarbons (δ
14.07). The attribution of the carbon signals was mainly obtained
from 1H-13C heteronuclear single quantum connectivity and het-
eronuclear multiple bond coherence experiments. A long-range
coupling was shown from 2H-2 and the OMe protons to a qua-
ternary carbon (carbonyl) at δ 173.98, and assignments of C-4,
C-16, C-17, and C-19 also were confirmed. The signals of C-14
and C-15 olefinic atoms were shifted to the low-field region in
comparison with that of methyl 5Z,8Z,11Z,14Z,17Z-eicosapen-
taenoate (21). The value of the chemical shift of the C-18 olefinic
atom (δ 130.79) was similar to that of polyunsaturated FAME
with an n-3 trans double bound (22). The signal of the C-19 atom
(δ 125.14) was instead shifted down because of a neighboring
terminal methyl group. The assignment of the five olefinic atoms

966 A.B. IMBS AND S.A. RODKINA

Lipids, Vol. 40, no. 9 (2005)

FIG. 1. EI mass spectra of dimethyl disulfide adducts of methyl esters of 18E-20:1 (A), 17Z-
20:1 (B), 15Z-20:1 (C); 14Z-20:1 (D), and a mixture of 5Z-20:1, 8Z-20:1, and 11Z-20:1 (E)
eicosenoic acids obtained by a partial hydrazine reduction of the methyl eicosapentaenoate
isomers (1–3). MS conditions are described in the Experimental Procedures section.



(C-6, C-8, C-9, C-11, C-12) was based on a high degree of com-
parability between the low-field region of the 1H NMR spectrum
(20) and the 13C NMR spectrum (21) for methyl 5Z,8Z,
11Z,14Z,17Z-eicosapentaenoate with that of methyl ester 2. The
geometry of the double bonds was confirmed by analysis of the
13C NMR chemical shifts of the neighboring carbons of the dou-
ble bonds (23). It is known that carbons adjacent to trans double
bonds have chemical shifts in the δ 29.5–38.0 range, whereas
those adjacent to cis double bonds have values of δ 26.0–28.5.
The five signals of the ester 2 were in the δ 25.59–27.33 range
(C-4, C-7, C-10, C-13, and C-16) (Table 1), confirming the cis
configuration of ∆5,8,11,14 double bonds, and one signal at δ 32.51
(C-17) corresponded to the trans configuration of the ∆18 double
bond. Thus, the NMR data just discussed confirmed the struc-
ture of the ester of the main EPA isomer 2, which was deter-
mined by GC–MS analysis of its derivatives.

In the present investigation, identified isomeric esters 1, 2,
and 3 found in total lipids of the Baikal sponge B. bacillifera ac-
counted, respectively, for 1.9, 14.0, and 2.5% of total FAME. In
our previous experiments, the value of EPA content in the total
FAME of B. bacillifera varied from 7.6 (12) to 12.2% (24). Since
methylene- and nonmethylene-interrupted EPA isomers (1, 2)
were earlier determined together, we do not know whether the
difference observed in the total EPA content depends on varia-
tions in the content of one isomer or whether the ratio of EPA
isomers is relatively constant and variations in the total EPA con-
tent depend on effects of the environment and food sources.

The parazoans are classed as animals but are extremely de-
pendent on auxiliary and simpler life forms. These animals or
their symbionts may be heavily influenced by the current cli-
mate changes in northern latitudes, perhaps especially severe
after air masses have crossed Europe and most of Asia. It is not
surprising that there are different EPA isomers in B. bacillifera

complexes collected from Lake Baikal in May 2003 compared
with those reported in 1998 (12).

Unsaturated FA in plants and animals typically have a cis
configuration, but the presence of a trans double bond is actu-
ally not rare in living organisms (25). As examples of EPA
trans isomers isolated from aquatic sources, two acids
(5Z,7E,9E,14Z,17Z-20:5 and 5E,7E,9E,14Z,17Z-20:5) were
obtained from the red seaweed Ptilota filicina (26), and
5Z,8Z,10E,12E,14Z-20:5 was obtained from the from red alga
Bossiella orbigniana (27). However, natural trans isomers of
EPA were found in very small amounts. Therefore, our discov-
ery of a non-methylene-interrupted trans isomer of EPA (as one
of the principal components in a total FA composition) seems
important.

Except in our earlier report (12), trans isomers of EPA have
not yet been reported in sponge lipids, although several mono-,
di-, and trienoic acids with trans double bonds have been de-
tected (28,29). As a rule, the presence of trans polyunsaturated
FAME was attributed either to special diets containing trans
unsaturated acids, to the elongation/desaturation of trans
monoenoic acids of bacterial origin, or to the enzymatic isom-
erization of cis polyunsaturated FAME (25).

A biosynthetic origin of trans EPA 2 and 3 from trans bac-
terial FA does not seem to be the case for B. bacillifera since
the n-2 trans unsaturated FA were not detected in sponge sym-
biotic bacteria. We suggest that enzymatic isomerization of all-
cis-EPA or specific desaturation of arachidonic acid would be
possible ways of synthesizing the identified isomeric trans EPA
2 and 3. We showed earlier that the Baikal sponges receive EPA
predominantly from food sources, which can be diatoms and
peridineans enriched in EPA (24). It is possible that some of
the dietary EPA undergoes isomerization by a unique enzyme
complex of sponge cells or sponge symbionts. We also detected
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TABLE 1 
NMR Data for Methyl 5Z,8Z,11Z,14Z,18E-Eicosapentaenoate (2)a

1H NMR 13C NMR

Position δ (ppm) m, J (Hz) δ (ppm)

1 173.98
2 2.32 t, 7.5 33.43
3 1.71 p, 7.5 24.77
4 2.09–2.15b m 26.54
5 5.33–5.41b m 128.90
6 5.33–5.41b m 128.86
7, 10, 13 2.79–2.84b m 25.59–25.66b

8 5.33–5.41b m 128.16
9 5.33–5.41b m 127.92
11 5.33–5.41b m 127.88
12 5.33–5.41b m 128.17
14 5.33–5.41b m 128.45
15 5.33–5.41b m 129.70
16 2.09–2.15b m 27.33
17 2.04 m 32.51
18 5.41–5.48b m 130.79
19 5.41–5.48b m 125.14
20 1.65 dt, 4.5, 1.5 17.81
–OCH3 3.67 s 51.38
aIn CDCl3 with tetramethylsilane as internal standard.
bOverlapped signals were not assigned.

FIG. 2. 1H-1H NMR correlation spectroscopy (COSY-45) of methyl
5Z,8Z,11Z,14Z,18E-eicosapentaenoate (2).



a small amount of FAME with conjugated double bounds in the
total EPA fraction (Imbs, A.B., and Rodkina, S.A., unpublished
data). Therefore, we believe that the mechanism of formation
of the novel trans EPA isomers in B. bacillifera is, to some ex-
tent, similar to that in the marine alga P. filicina (30).
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ABSTRACT: The oxidation of free DHA, DHA mixed with PC,
and DHA incorporated into PC, PE, or TG was evaluated to de-
termine which lipid provided DHA with the best protection
against oxidation. DHA was either situated at the sn-1 position,
sn-2 position, or both positions of the phospholipid, whereas
the TG contained DHA at all positions. All lipids were incu-
bated as bulk lipids, in chloroform, or as an emulsion in con-
tact with air at 25–30°C for 28 d. Since DHA, which is highly
sensitive to oxidation, has a great impact on our health and is
desired as a food additive, the stability of this FA is of great im-
portance. This study was mainly focused on the primary oxida-
tion products, which were monitored as eight monohydroper-
oxy-DHA isomer groups, the total amount of polyhydroperox-
ides, and the PV. However, a measure of secondary oxidation
products, the carbonyl value, was also monitored. We found
that DHA was most protected against hydroperoxide formation
when it was incorporated at one position of either PC or PE. In
these lipids, hydroperoxide formation at carbon atoms 4, 7, 8,
and 11 was completely prevented. DHA mixed with PC was
also protected, although to a lesser extent, and all hydroperox-
ide isomers were detected. In contrast, PC and TG containing
DHA at all positions should be avoided, since they were highly
oxidized.

Paper no. L9795 in Lipids 40, 969–979 (September 2005).

The n-3 FA DHA has a considerable impact on health. DHA
is required in the development of the brain and eyesight of
both the fetus and infant (1). In adults, DHA is required to
maintain the normal functioning of the brain and nervous sys-
tem (2). A DHA deficiency has been found in several disor-
ders such as Alzheimer’s disease, schizophrenia, dyslexia,
and some cases of attention-deficit/hyperactivity disorder
(3–6). The human body can obtain DHA from the diet either
directly or by converting α-linolenic acid to DHA. If the n-6
to n-3 ratio within the diet is high, which is usual in the West-
ern world today, both the conversion to DHA and the incor-
poration of n-3 FA into the phospholipid membranes are low
(7). However, a reduction of the n-6 to n-3 ratio will increase
both conversion and incorporation. The eicosanoids derived
from the n-3 FA EPA will thereby increase, which suppresses

the synthesis of eicosanoids derived from the n-6 FA arachi-
donic acid (AA). The former eicosanoids have anti-inflam-
matory effects, whereas the latter eicosanoids can cause both
inflammation and cancer (7). Among the n-3 FA obtained
from the diet, EPA and DHA have a larger suppressive effect
on the synthesis of eicosanoids derived from AA than does
α-linolenic acid. Furthermore, there are indications that the
consumption of fish containing EPA and DHA reduces the
risk of death from coronary heart disease (8).

DHA is, however, highly sensitive to oxidation, and toxic
oxidation products such as hydroperoxides and aldehydes can
be formed (9,10). High amounts of oxidation products in the
human body cause oxidative stress. This condition can induce
various kinds of diseases such as cancer, diabetes, and
rheumatoid arthritis (9).

PUFA, DHA in particular, need to be protected, and dif-
ferent strategies have been used to avoid oxidation. A com-
mon way to reduce oxidation is to use a synthetic or natural
antioxidant (9). Since there is a desire to reduce the amount
of synthetic material in food, natural antioxidants are more
attractive. One group of natural compounds that has shown
antioxidant activity is the phospholipids. Synergistic effects
have been observed in the protection of fish oil by combina-
tions of tocopherol, phospholipids (lecithin), and ascorbic
acid (11). Another approach is to incorporate DHA into a
lipid. DHA incorporated into phospholipids has been found
to be more resistant to oxidation than both TG and ethyl es-
ters containing DHA (12). Phospholipids are therefore highly
interesting as food additives to stabilize DHA. However, there
is a large variety of phospholipids, and it is necessary to eval-
uate which phospholipid structures containing DHA give the
best protection against oxidation.

In this study, the oxidation of eight DHA lipids stored at
25–30°C was investigated. Free DHA was compared with
DHA that was either mixed with PC or incorporated into PC,
PE, or TG. DHA was either situated at the sn-1 position, the
sn-2 position, or both positions of the phospholipid, whereas
the TG contained DHA at all positions. These DHA lipids
were incubated as bulk lipids, in chloroform, or as an emul-
sion. These model systems were selected, since DHA is most
often stored in bulk or in a water system, such as an emulsion,
when added to food. The solvent system was of interest, since
DHA appears as isolated molecules in this system, which is
not possible in an aqueous system. The oxidation profile of
the DHA lipids was obtained by monitoring eight monohy-
droperoxy-DHA isomer groups, the total amount of polyhy-
droperoxides, the PV, and the carbonyl value (CV).
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MATERIALS AND METHODS

Materials. Dipalmitoyl L-α-PC, 1-palmitoyl lysophos-
phatidylcholine (LPC), tridocosahexaenoin (purity 99%), and
4,7,10,13,16,19-DHA (purity 95%) were bought from Laro-
dan Fine Chemicals AB (Malmö, Sweden). 1,2-Didocosa-
hexaenoyl-sn-glycero-3-phosphocholine (purity 99%) was
purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Li-
pases from Rhizomucor miehei (Lipozyme IM) and Candida
antarctica (Novozym 435) were obtained from Novozymes
A/S (Bagsvaerd, Denmark). The lipase Chromobacterium vis-
cosum was obtained from Biocatalysts Ltd. (Cardiff, United
Kingdom). Phospholipase D (PLD) from Streptomyces was a
gift from Chemi SpA (Patrica, Italy). 4-Dimethylaminopyri-
dine (DMAP, >99%) and 1-(3-dimethylaminopropyl)-3-eth-
ylcarbodiimide hydrochloride (EDCI, >98%) were purchased
from the Aldrich Chemical Company (St. Louis, MO).
Ethanolamine was bought from Sigma (St. Louis, MO). Etha-
nol (95%) was bought from Kemityl (Haninge, Sweden), and
all other solvents and chemicals were of at least analytical
grade.

Enzymatic synthesis of 2-palmitoyl LPC. 2-Palmitoyl LPC
from PC was synthesized using a procedure based on a previ-
ously described method (13). Lipozyme IM (9.3 g) catalyzed
the reaction between 4.6 g of 1,2-dipalmitoyl-sn-glycero-3-
PC and 93 mL of ethanol (95%). The reaction was performed
with shaking at 25°C until 2 mol% PC was left in the mixture.
The reaction was then stopped by filtering off the enzyme,
and the ethanol was evaporated. The residue was washed with
diethyl ether (464 mL) to dissolve the FFA and FA ethyl es-
ters. The dispersion was centrifuged (13,500 × g, 20 min) and
the supernatant was discarded. The washing procedure was
performed four times. The substance was then dried with re-
spect to the diethyl ether under reduced pressure for 30 min.
The 2-palmitoyl-LPC was then dissolved in 46 mL of water,
followed by lyophilization.

Esterification of 2-palmitoyl LPC catalyzed with lipase.
The esterification of 2-palmitoyl LPC with DHA was carried
out as described previously (14). The synthesis of PC was
performed at a water activity of 0.22 obtained by gas-phase
equilibrium in a simple reactor containing a saturated aque-
ous solution of KAc. The substrates DHA (1 M in toluene,
bubbled with argon) and LPC were first separately equili-
brated at a water activity of 0.22 for at least 15 h. They were

then combined and vortexed until the LPC (0.1 M) had dis-
solved, and the immobilized lipase C. antarctica (0.1 g/mL)
was added to the solution. To prevent the oxidation of DHA,
argon gas was added to both the solution and the reactor at
the beginning of the reaction, which was performed at 25°C.
Two batches of PC were synthesized, with reaction volumes
of 26 and 31 mL. The reaction was monitored with respect to
phospholipid (PC + LPC) content by HPLC using the method
described in the following section. The two batches obtained
42 mol% of PC after 24- and 28-h reaction times. The enzyme
was then filtered off. After rinsing the enzyme with toluene,
the solvent was evaporated.

Chemical synthesis of PC with DHA at the sn-2 position.
The chemical synthesis of PC with DHA at the sn-2 position
was carried out as described previously (14). The substrates
DHA (3.83 g, 11.7 mmol) and 1-palmitoyl LPC (1.06 g, 2.14
mmol) were dissolved in 12.2 mL of dichloromethane. The
coupling agent EDCI (2.66 g, 13.84 mmol) and the catalyst
DMAP (0.71 g, 5.79 mmol) were then dissolved in the reac-
tion medium. To minimize the oxidation of DHA, the reac-
tion medium was bubbled with argon. This solution was
stirred on a magnetic stirrer for 1 h, by which time all the 1-
palmitoyl LPC had been transformed into PC. The reaction
was terminated by adding 33 mL of dichloromethane and 15.2
mL of 0.5 M HCl to extract the catalyst into the aqueous
phase. The organic phase containing PC was washed three
times with 0.5 M of HCl, whereas the HCl phase was washed
with dichloromethane. Separation was enhanced by centrifu-
gation, since the emulsion phase formed by the surfactant PC
was reduced. Finally, the dichloromethane phases were com-
bined.

Purification by flash chromatography. To separate PC
from LPC and FA, the product was purified by flash chroma-
tography (14). The flash column was packed with 60 g silica.
FFA were first eluted with cyclohexane/isopropanol (1:1, 260
mL), and LPC was then separated from PC with the solvent
system chloroform/methanol/H2O (65:35:5, 500 mL). Frac-
tions of 30 mL were collected. The fractions were preliminar-
ily analyzed by TLC, and the PC-containing fractions were
then analyzed by HPLC. The fractions containing PC were
pooled and the solvent was evaporated, followed by
lyophilization. The yields for DHA incorporated at the sn-1
position (two batches) or sn-2 were 24, 22, and 70 mol%, re-
spectively. The yield was defined as the molar ratio between
the PC obtained after lyophilization and the LPC substrate.
The purity of PC was at least 95%, whereas the DHA content
of PC was at least 40% (14).

Synthesis of PE from PC (15). PLD from Streptomyces was
obtained in a Celite-adsorbed form. Before use, the PLD pow-
der (3200 U/g) was suspended in water containing NaOAc
(0.1 M) and CaCl2 (0.1 M). The suspension was then filtered
with a Celite filter to obtain a clear solution.

PC (0.4 g, 0.521 mmol) was dissolved in 6 mL of
dichloromethane and mixed with 12 mL of the aqueous en-
zyme solution (enzyme activity 10 U/mL). Ethanolamine
(0.72 mL, 0.012 mol) was added to the enzyme–water phase
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TABLE 1
The DHA-Containing Lipids Studied

Formulation Abbreviation Molar ratio

DHA DHA
DHA + 1,2-palmitoyl-PC DHA + PC 1:1
1,2-diDHA-PC + 1,2-dipalmitoyl-PC 1,2-DHA-PC 1:1
1-DHA-2-palmitoyl-PC 1-DHA-PC
1-palmitoyl-2-DHA-PC 2-DHA-PC
1-DHA-2-palmitoyl-PE 1-DHA-PE
1-palmitoyl-2-DHA-PE 2-DHA-PE
1,2,3-triDHA-TG DHA-TG



to obtain a 1 M concentration, and the water phase pH was
adjusted to 5.5 with acetic acid. The reaction mixture was
stirred for 2 h, at the end of which the HPLC analysis showed
that the PC had been completely transformed into PE. The
emulsion so formed was allowed to stand in a separatory fun-
nel for a few minutes to facilitate phase separation. The or-
ganic phase was then washed three times with 4 mL of water.
After treatment with anhydrous sodium sulfate, the organic
phase was evaporated under reduced pressure, and the result-
ing yellow powder was lyophilized for 24 h. PE was obtained
at a yield of 85% and at least 95% purity.

HPLC analysis of the lipid concentration. An HPLC
analysis was performed with a Beckman System Gold Instru-
ment (Beckman Instruments, Palo Alto, CA) equipped with a
156 refractive index detector (attenuation 16×) (16). The col-
umn was a Waters Spherisorb amino phase column from
Hichrom (Reading, United Kingdom). A precolumn from the
same manufacturer was fitted between the injector and the
column. Phospholipids were eluted with a mobile phase com-
posed of ethanol (95%) and a 10 mM aqueous solution of ox-
alic acid (92:8 vol/vol). The flow rate was 1 mL/min at room
temperature.

Oxidation stability. Eight formulations containing DHA
were investigated with respect to their ability to withstand ox-
idation when in contact with air at 25°C, which is the normal
storage temperature for oils (Table 1). The different formula-
tions were incubated at 25°C and shielded from UV light, ei-
ther as bulk lipids, in chloroform, or in an emulsion, for 2.5
wk. The temperature was then increased to 30°C and main-
tained for a further 1.5 wk. Samples were removed after 0, 1,
3, 7, 14, and 28 d. All samples were analyzed with respect to
CV and PV. The formulations kept as bulk lipids or dissolved
in chloroform were also analyzed with respect to monohy-
droperoxides and polyhydroperoxides. Since the formulations
were kept in vials or bottles with caps, fresh air was let in
when the samples were removed. All vials and bottles were
also opened for a 3-min period on days 10, 18, 21, and 25 to
let in more air.

The bulk lipids were kept in 10-mL vials with caps. Each
vial contained 0.1–0.2 g of DHA. The mixture of DHA and
PC was obtained by dissolving the substances at a molar ratio
of 1:1 in chloroform and then evaporating the solvent. The
same procedure was performed to obtain a mixture of 1,2-
diDHA-PC and 1,2-dipalmitoyl-PC.

The formulation dissolved in chloroform was kept in 50-
mL bottles with caps. Each vial contained 13–23 mL of solu-
tion. The concentration of DHA, either free or incorporated
into a lipid, was maintained at 12.5 mM. Formulations con-
taining a phospholipid also had a total phospholipid concen-
tration of 12.5 mM.

The oil-in-water emulsions were prepared from one part
oil (g), 9 parts (mL) water, and Tween 20 (0.1 g/g oil) (17).
The oil part contained the DHA formulation (Table 1),
palmitic acid, and trioctyl glycerol. The latter was used to
make up the oil part. The concentration of DHA (12 mM), ei-
ther free or incorporated, was kept constant in all emulsions.

The total concentration of phospholipid and FFA was also
kept constant (12 mM). The former was possible by adding
1,2-dipalmitoyl-PC when the formulation was 1,2-DHA-PC.
The latter was achieved by adding palmitic acid to the formu-
lation with DHA incorporated into the lipid. (Estimation of
the concentration was simplified by assuming that the density
of the emulsion was 1.0 g/mL.) The oil part, a portion of
water, and Tween 20 were sonicated in a tube with a UP400S
instrument (Dr. Hielscher GmbH, Stuttgart, Germany) at
maximum power for 1 min at room temperature. The tube was
then placed in an ice bath, and sonication was continued for
4.5 min, adding water in four portions every half minute. The
average droplet size of the emulsion containing trioctyl glyc-
erol, water, and Tween 20 was around 0.5 µm. During the sta-
bility study, the emulsions containing the formulation were
stored in 10-mL vials and contained 3–4.5 mL of emulsion.

Analysis of mono- and polyhydroperoxy-DHA. The HPLC
analysis of mono- and polyhydroperoxy-DHA was carried out
according to a recently developed method (Lyberg, A.-M. and
Adlercreutz, P., unpublished manuscript). The samples con-
tained about 15 µmol DHA. The solvent was evaporated from
the samples in chloroform. The lipids with DHA incorporated
were hydrolyzed as described below, whereas 1 mL of aceto-
nitrile was added to the other samples. When necessary, the
samples were filtered prior to analysis. The HPLC analysis
was performed on a LaChrom system (Hitachi High Tech-
nologies America, Schaumburg, IL) consisting of a D-7000
interface, an L-7100 pump, an L-7250 autosampler (20 µL in-
jection loop), and an L-7400 UV detector, detecting at a
wavelength of 234 nm. The separation of different monohy-
droperoxides in DHA was performed on a Lichrospher® 100
RP-18 (5 µm) column (Merck, Darmstadt, Germany) with a 1
mL/min flow rate of mobile phase consisting of an acetoni-
trile/aqueous solution of acetic acid (1%) at a ratio of 55:45
(vol/vol). To prevent DHA from accumulating in the column,
each analysis was concluded by increasing the acetonitrile
concentration to 90% for 1 min, after which the concentration
was maintained for 9 min. The acetonitrile concentration was
then decreased for 1 min to 55% to equilibrate the column be-
fore the next analysis. This concentration was maintained for
14 min.

The monohydroperoxy-DHA eluted within 19–36 min,
whereas the polyhydroperoxides eluted between 1 and 10
min. To obtain the total amount of polyhydroperoxides, the
sum of the peaks between 1 and 10 min was calculated for all
the formulations except those containing DHA incorporated
into a phospholipid. In this case, the polyhydroperoxides were
obtained from the sum of the peaks between 1 and 5 min.
Since there was not a significant amount of polyhydroperox-
ides in the phospholipids with a retention time above 5 min,
this simplification was acceptable. In this way, interference
from peaks from the hydrolyzed phospholipids with retention
times above 5 min could be neglected.

Hydrolysis of phospholipids. The hydrolysis of PC prior to
the HPLC analysis of hydroperoxides was performed in 1 mL
of water-saturated toluene, whereas PE was hydrolyzed in 1
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mL of toluene and 0.1 mL of 50 mM Tris buffer, pH 8. Both
reactions were catalyzed with 100 mg of Novozym 435 (im-
mobilized C. antarctica lipase B) with shaking at 25°C. To
prevent further oxidation, argon gas was added at the begin-
ning of the reaction. The PC and PE reactions were termi-
nated after 20 and 24 h, respectively, when the hydrolysis was
complete. To remove the enzyme from the sample, the solu-
tion was withdrawn using a syringe. The enzyme was washed
with 1 mL of toluene, which was also withdrawn using the
syringe. The pooled toluene phases were evaporated. Then 1
mL of acetonitrile was added and the solutions were filtered
prior to analysis.

Hydrolysis of TG. The hydrolysis of TG was performed in
0.5 mL of 50 mM Tris buffer, pH 8. The reaction was cat-
alyzed by nonimmobilized C. viscosum lipase (50 mg) with
shaking at 25°C. To prevent further oxidation, argon gas was
added at the beginning of the reaction. After a 20-h reaction
period, 0.6 mL of acetonitrile was added. The solution was
filtered prior to analysis only if it contained polymerized TG.

PV. The PV was determined with an iodometric method as
described previously (18,19). Minor changes were made in
the standard protocol in that chloroform was used instead of
hexane in sample analysis because of the better solubility of
phospholipids in chloroform. A 0.2-mL sample (2–10 mg of
bulk lipids dissolved in chloroform to a concentration of 10
mg lipid/mL, lipids in chloroform, or lipids in emulsion) was
mixed with 0.5 mL of a 2% potassium iodide ethanol solu-
tion, 0.5 mL of 2% water-free AlCl3 + 0.02% o-phenantro-
line ethanol solution, and 1 mL of chloroform in a centrifuge
tube. The mixture was incubated for 15 min at 37°C in a water
bath. Then 10 mL of HCl (10 mM) was added to the mixture
to quench the reaction. The reaction mixture was centrifuged
at 600 × g for 3 min, and the absorbance of the water phase
and a blank of 10 mM HCl was measured at 360 nm using a
UV-1650PC spectrophotometer (Shimadzu Corporation,
Kyoto, Japan).

CV. The CV was determined as described previously (20).
Before use, isopropyl alcohol was refluxed with a suitable
amount of sodium borohydride (NaBH4) to reduce the ace-
tone, which is normally contained in the commercial solvent,
to isopropanol. After refluxing for 1 h, isopropanol was dis-
tilled to separate it from the NaBH4. Because peroxides also
show an absorbance at 420 nm in the CV method, they must
be reduced. This was done by adding triphenyl phosphine (0.4
mg/mL) to the solvent for the sample.

The samples contained 2–10 mg of bulk lipids, 100 µL of
lipid solution dissolved in chloroform, or 50 µL of emulsion.
The bulk sample was dissolved in isopropanol to a concentra-
tion of 10 mg lipid/mL, of which 100 µL was used. The chlo-
roform in the solvent sample was evaporated and replaced by
isopropanol, whereas 50 µL of isopropanol was added to the
emulsion. The sample was then mixed in an Eppendorf tube
with 0.1 mL of a reactant, which consisted of 50 mg of 2,4-
dinitrophenylhydrazine in 3.5 mL of concentrated HCl di-
luted to 100 mL with isopropyl alcohol. The solution was
heated for 20 min at 40°C in a water bath. Then 0.8 mL of
KOH solution (2%) in isopropyl alcohol was added. The Ep-
pendorf tube was centrifuged at 11,500 × g for 3 min. The liq-
uid phase was analyzed with the UV-1650PC spectropho-
tometer at 420 nm.

Units. The unit used for mono- and polyhydroperoxides
was mol% hydroperoxides, and that used for PV and CV was
mol% peroxides. These units correspond to mol hydroperox-
ides and mol peroxides, respectively, divided by the amount
of pure DHA (mol) expected in an unoxidized sample. The
free DHA was assumed to be totally pure and lipids with
DHA in a certain position were assumed to contain only DHA
in that position. These assumptions were simplifications that
would cause only a small discrepancy in the true values.

Reproducibility. The reproducibility of the analysis meth-
ods is presented in Table 2. The reproducibility of the mea-
surements was obtained by analyzing 3 samples with each
analysis method at the same time, for 2-DHA-PC in all sys-
tems. The analysis was performed on day 14.

RESULTS

Oxidation stability of DHA. Eight formulations containing
DHA were evaluated with respect to their ability to withstand
the oxidation of DHA. The formulations were incubated at
25–30°C in three different systems, i.e., bulk lipids, a solvent
(chloroform), and an emulsion. Samples were taken out at six
times over a period of 28 d. These samples were analyzed
with respect to eight monohydroperoxy-DHA isomer groups,
polyhydroperoxy-DHA, PV, and CV, except those kept in the
emulsion, which were analyzed only for PV and CV. The CV
quantified secondary oxidation products, whereas the other
measurements quantified primary oxidation products. The
mild storage conditions mainly induced primary oxidation
products in the eight formulations; thus, the CV remained at
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TABLE 2
Amount of Hydroperoxides, PV, and Carbonyl Value (CV) of 2-DHA-PC
after 14 d of Storagea

Bulk Solvent Emulsion
Method (mol%) (mol%) (mol%)

Total amount of monohydroperoxides 0.25 ± 0.07 0.19 ± 0.04 —
Total amount of polyhydroperoxides 3.33 ± 0.20 5.22 ± 0.07 —
PV 6.3 ± 1.3 8.4 ± 1.2 9.9 ± 0.4
CV 1.45 ± 0.09 1.63 ± 0.37 1.32 ± 0.13
aData are presented as the average of three sample measurements ± the SD.



0–2 mol% throughout the entire stability test. Therefore, at-
tention is directed toward the primary oxidation products in
this paper.

Monohydroperoxides. The monohydroperoxides are pre-
sented below, either as the total amount of monohydroperoxy-
DHA or as eight groups of monohydroperoxy-DHA isomers
containing one to two isomers. The hydroperoxides that con-
tained a conjugated diene were measured with our HPLC
method. The locations of these hydroperoxide groups within
the molecule are presented in Figure 1. Since C5-, C19-, C21-
and C3-monohydroperoxy-DHA did not contain conjugated
diene groups, they were not detected with this HPLC method.

Monohydroperoxides in bulk lipids. The total amount of
monohydroperoxy-DHA in the eight bulk lipids is presented
in Figure 2A. The monohydroperoxides increased most
rapidly in free DHA and the highest level, i.e., 8 mol%, of
DHA was obtained after 1 d. Thereafter, the monohydroper-
oxides decreased with time. When PC was added to DHA, the
monohydroperoxides increased to a lesser extent, and the
highest level of monohydroperoxides in DHA was 2 mol%.
Thus, the addition of PC had a protective effect on DHA. The
amount of monohydroperoxides in PC with DHA at either the
sn-1 or sn-2 position was more or less constant at a level
below 0.4 mol%. PE with DHA at the sn-1 and sn-2 position
showed an initial value of 0.6–0.7 mol% monohydroperox-
ides in DHA, which decreased with time to 0.1–0.2 mol%
after 28 d. The monohydroperoxides in DHA-TG and 1,2-
DHA-PC were more or less constant at around 0.3 mol%.

Monohydroperoxides of lipids in chloroform. The total
amount of monohydroperoxy-DHA in the eight DHA-con-
taining lipids in chloroform is shown in Figure 2B. Both free
DHA and DHA mixed with PC showed lower amounts of
monohydroperoxides in solvent than in bulk. Nevertheless,
free DHA was the lipid in solvent that showed the most rapid
increase in monohydroperoxides, and a peak of nearly 3
mol% was observed after 1 d. Two days later, the value had
fallen to the initial level. We also observed that the monohy-
droperoxides in 1,2-DHA-PC increased from 0.1 to 0.5 mol%
over the 28 d. Otherwise no clear trends were observed, and
the level of monohydroperoxides was below 0.7 mol% in the
other DHA-containing lipids, i.e., PC and PE with DHA at
one position, DHA-TG, and DHA + PC.

Monohydroperoxide isomers. Both free DHA and DHA +
PC were oxidized to all of the monohydroperoxy-DHA iso-
mers measured with our HPLC method when incubated either
in bulk or in the solvent phase. In these lipids the C20-mono-

hydroperoxide was the most abundant on day 1 (Tables 3, 4).
The second highest level of a single isomer was exhibited by
the C4-monohydroperoxy-DHA. The formation of a hy-
droperoxide on only carbon atoms 16, 17, 13, 14, 10, 11, 7,
or 8 was less extensive, assuming that peaks containing two
isomers had the same contribution from each isomer. Thus,
this part of the DHA was more resistant to oxidation. These
findings indicated that when the DHA molecule was oxidized
rapidly, a major part arose from the C20- and C4-monohy-
droperoxy-DHA (Fig. 3). When oxidation progressed further,
the isomers were rapidly oxidized even more, forming poly-
hydroperoxy-DHA, and the contribution from the C4-mono-
hydroperoxy-DHA to the total amount of monohydroperoxy-
DHA isomers then decreased (Fig. 3).

All the DHA-containing phospholipids exhibited monohy-
droperoxides only at carbon atoms 20, 16 + 17, 13 + 14, and
10, whereas DHA-TG showed all eight monohydroperoxy-
DHA isomers measured with our HPLC method (Table 3).
Thus, the two double bonds nearest the ester group of the
phospholipid and carbon 11 on the third double bond were to-
tally protected under these mild storage conditions (Fig. 1).
PC with one DHA exhibited the four isomer groups at similar
levels. However, PE containing one DHA showed the lowest
contribution from the C20-monohydroperoxy-DHA. Thus,
the phospholipid molecule with one DHA prevented the
major incorporation of a hydroperoxide at carbon 20, which
was vulnerable to oxidation in free DHA.

Polyhydroperoxides in bulk lipids. The total amount of
polyhydroperoxides obtained in the eight bulk formulations
is shown in Figure 4. The initial values of free DHA, DHA-
PC/PE, and DHA-TG were 0, 0–4, and 5 mol%, respectively.
The polyhydroperoxides in free DHA increased during the
first 3 d, reaching 12 mol%, and then decreased slowly with
time. Thus, the monohydroperoxides that showed a peak on
day 1 were transformed into polyhydroperoxides. The poly-
hydroperoxides probably did not increase throughout the en-
tire study because of polymerization of the DHA molecules.
This was visually noted as the liquid DHA became more vis-
cous with time. Mixing DHA with PC reduced the oxidation
with respect to polyhydroperoxides, which increased during
the first day and was then maintained at 1–3 mol% through-
out the study.

DHA-TG was highly oxidized to polyhydroperoxides in the
bulk phase (Fig. 4). This formulation also showed the highest
amount of polyhydroperoxides, 14 mol%, after 3 d. Since the
amount of monohydroperoxides was always maintained at a
low level, the monohydroperoxides formed must have been
transformed quickly into polyhydroperoxides. After 3 d, the
polyhydroperoxides decreased rapidly, probably due to poly-
merization of the molecules; this was visually noted by the liq-
uid formulation becoming more viscous with time.

For all the bulk formulations with DHA incorporated into
either PC or PE, the level of polyhydroperoxides was quite
stable, in the range 2–5 mol% (Fig. 4). Thus, these lipids pro-
vided a means of protecting DHA against oxidation under
these conditions.
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FIG. 1. The DHA molecule. Each number corresponds to and is placed
above a carbon atom in the DHA molecule. The monohydroperoxides
incorporated at any of the indicated carbon atoms were measured with
our HPLC method. The isomer with a hydroperoxide group incorpo-
rated on carbon 20 is referred to as C20-monohydroperoxy-DHA and
so forth.



Polyhydroperoxides in lipids in chloroform. The polyhy-
droperoxides increased with time in both DHA and DHA + PC
when dissolved in chloroform. The free DHA, which initially
showed no polyhydroperoxides, exhibited 16 mol% hydroper-
oxides after 4 wk. The oxidation rate was considerably lower
for DHA + PC, which contained 6 mol% after the same time.

DHA-TG formed a large amount of polyhydroperoxides
in the solvent system. During the first week, the polyhy-
droperoxide level was constant at 5 mol%, after which the hy-
droperoxides increased considerably and reached 17 mol%

after 4 wk. Thus, the oxidation of the formulation started later
in the solvent than in the bulk lipids.

The phospholipids exhibited initial values of 2–5 mol%,
and those with only one DHA were quite stable in this sys-
tem (Fig. 4). However, rapid formation of polyhydroperox-
ides was observed for 1,2-DHA-PC (in contrast with its sta-
bility in the bulk system), and after 4 wk 17 mol% was
reached. This formulation not only formed considerable
amounts of polyhydroperoxides with time, but polymeriza-
tion also occurred to such large extent that a polymer film was
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FIG. 2. (A) Total amount of monohydroperoxides in bulk; (B) total amount of monohydroper-
oxides in chloroform. 1-DHA-PC (n), 2-DHA-PC (nn), 1-DHA-PE (s), 2-DHA-PE (ss), DHA-TG
(ll), DHA (u), 1,2-DHA-PC (l), DHA + PC (uu).

 



seen floating on the surface of the solvent after only 2 wk.
PV. It is common to measure oxidation in oil in terms of the

PV, which can be determined by different procedures (9). The
PV obtained depends on the procedure used. The procedure
used here was based on an iodometric method, but chloroform
was used instead of n-hexane because the PC was difficult to
dissolve in n-hexane. The measurement can be affected by
light, oxygen in the air, and the reaction between iodine and
unsaturated FA. Thus, the PV of the DHA-containing lipids
should only be compared with each other and not with the hy-
droperoxide data obtained with our HPLC method.

PV of bulk lipids. The PV supported the findings that free
DHA as bulk lipids formed the highest amount of peroxides,
which was reached after 3 d (Fig. 5). DHA + PC was oxidized
less, but the peak was observed after the same time, whereas
DHA-TG reached a maximal PV after 7 d.

A high initial PV was observed for the phospholipids in bulk
(Fig. 5). PC with DHA in both positions, and PC and PE with
DHA at the sn-1 position showed 22, 24, and 26 mol%, respec-
tively. Lower initial values, i.e., 11 and 13 mol%, were observed
for PC and PE with DHA at the sn-2 position, respectively. This
difference in initial values was not noted with our HPLC
method. One explanation for this could be that PV measures all
peroxides, whereas the HPLC method measures only hydroper-
oxides containing conjugated dienes. According to these find-
ings, the preparation of DHA-PC induced more peroxides with
DHA at the sn-1 position than at the sn-2 position. This indi-
cated that the enzymatic esterification of 2-palmitoyl LPC with
DHA induced more oxidation than the chemical esterification

of 1-palmitoyl LPC with DHA. It should be remembered that
the chemical reaction lasted no longer than an hour, whereas the
enzymatic reaction lasted 15 h (for preincubation) plus 28 h (for
the reaction). Thus, in this enzymatic procedure a higher degree
of oxygen protection would be beneficial. Only minor oxidation
was induced when PC was transformed into PE.

The PV of all DHA-containing phospholipids decreased
with time except 1,2-DHA-PC, which showed a peak on day
3 (28 mol%) and then decreased with time (Fig. 5). After 2
wk, the PV of PC and PE with one DHA had decreased to 5–8
mol%, whereas 1,2-DHA-PC contained 14 mol%.

PV of lipids dissolved in chloroform. The system itself, i.e.,
solvent or bulk, induced considerable variation in the initial
PV. This was especially true for DHA mixed with or incorpo-
rated into phospholipids, which in most cases showed a much
higher value in chloroform. Therefore, there is reason to be-
lieve that part of the PV might be an artifact produced by the
combination of the solvent and phospholipid. Direct compar-
isons of the values obtained for bulk and chloroform samples
are thus unreliable. However, comparisons can be made be-
tween values within these two groups.

Free DHA with and without the addition of PC exhibited
different PV profiles in chloroform (Fig. 5). The PV of the free
DHA in solvent was quite stable during the first 3 d. It then
started to increase, and after 2 wk a peak of 33 mol% was ob-
served. The PV of DHA + PC increased during the first day,
showing a peak of 28 mol%. During the following days, the PV
fell, and during the last 3 wk, the PV was stable at 12–14 mol%.
These data do not support our finding (HPLC method) that PC
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TABLE 3
Ratios Between Different Monohydroperoxy-DHA Isomers for All DHA Bulk Lipids
on Day 1a

Monohydroperoxides (%)

C20 C16 + C17 C13 + C14 C10 C11 C7 C8 C4

DHA 25 15 16 8 6 9 7 14
DHA + PC 30 14 13 6 4 7 8 18
1-DHA-PC 19 24 23 34 0 0 0 0
2-DHA-PC 19 25 29 26 0 0 0 0
1-DHA-PE 13 33 27 27 0 0 0 0
2-DHA-PE 13 31 28 28 0 0 0 0
1,2-DHA-PC 17 36 20 27 0 0 0 0
DHA-TG 10 25 9 12 8 7 18 12
aFor abbreviations see Table 1.

TABLE 4
Ratios Between Different Monohydroperoxy-DHA Isomers for Four DHA Lipids
in Solvent on Day 1a

Monohydroperoxides (%)

C20 C16 + C17 C13 + C14 C10 C11 C7 C8 C4

DHA 24 16 17 10 5 9 6 12
DHA + PC 24 19 19 11 3 6 7 10
1-DHA-PC 19 36 21 23 0 0 0 0
2-DHA-PC 20 32 12 36 0 0 0 0
aFor abbreviations see Table 1.



provides considerable protection against the oxidation of DHA
in solvent. However, the PV of DHA + PC was probably over-
estimated because of the combination of chloroform and phos-
pholipid.

DHA-TG was the most unstable formulation in the solvent
system according to the PV measurements (Fig. 5). The PV in-
creased with time, and on day 14 a peak of 69 mol% was ob-
served.

All of the phospholipids showed a lower PV after 28 d
(Fig. 5). The PV decreased with time for all the phospho-
lipids with one DHA except PC with DHA at the sn-2 posi-
tion, which first exhibited a peak on day 1 and then de-
creased with time. The PV of 1,2-DHA-PC initially in-
creased, showing a peak on day 7 of 30 mol%, which then
decreased with time.

PV of lipids in emulsion. According to the PV, the emul-
sion system reduced the oxidation rate of the free DHA con-
siderably (Fig. 6). A peak of 12 mol% was observed after 14
d. A different PV profile was exhibited by DHA + PC. In this
case, the peak of 12 mol% was observed already after 1 d.
Thus, the addition of PC affected the system but did not pro-
vide protection, according to these results. The TG was found
to be the most unstable formulation in the emulsion system.
The same trend was observed in the solvent system using the
PV method. However, the peak after 2 wk was about half that
observed in the solvent system. Thus, the emulsion also pro-
vided protection against TG formulation, although it was less
stable than other lipids in this system. For all the DHA-con-
taining phospholipids in emulsion, we noted that the initial
value was always higher than the PV obtained after 4 wk of
incubation.

DISCUSSION

The formation of hydroperoxides in DHA incubated at
25–30°C was almost completely prevented by incorporating
one DHA into either PC or PE. No significant difference was
observed between lipids with DHA at position sn-1 or sn-2 of
the phospholipid. Thus, these four DHA lipids protected
DHA against oxidation to hydroperoxides equally well under
the mild conditions studied. According to our findings, the
phospholipid completely prevented oxidation of carbon
atoms 4, 7, 8, and 11 of the DHA molecule. Furthermore, the
oxidation of carbon atom 20, which was most vulnerable to
oxidation in free DHA, was reduced considerably.

Phospholipids have been shown to be efficient antioxidants.
The mechanism of their antioxidative effect has not yet been
elucidated in detail, but the polar group clearly plays a key role,
and the nitrogen-containing phospholipids PC and PE are the
most efficient antioxidants under most conditions (21). It is
likely that the best protection is afforded to those parts of the
DHA that are closest to the polar group, i.e., the parts closest to
the carboxyl group. Furthermore, carbon atom 20 seemed to be
near the polar group because of the reduced oxidation of this
carbon. This is possible because the DHA chain contains sev-
eral bonds that make the chain highly curved.

DHA mixed with PC was also protected against the forma-
tion of hydroperoxides, although the degree of protection was
less than when DHA was incorporated into a phospholipid. All
of the hydroperoxy-DHA isomers studied were formed in the
DHA-PC mixture, although the levels were low. This might be
because the distance between DHA and the polar group in PC
was greater than when DHA was incorporated into PC.
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FIG. 3. The isomer profile of bulk DHA. C20 (n), C16 + C17 (nn), C13 + C14 (l), C10 (ss),
C11 (s), C7 (uu), C8 (u), C4 (ll).



In contrast, 1,2-DHA-PC mixed with 1,2-palmitoyl-PC ex-
hibited extensive hydroperoxide formation in the solvent sys-
tem, whereas it was protected against hydroperoxide forma-
tion in the bulk system. This type of formulation is thus not
recommended for protecting DHA. The vulnerability of this
lipid in the solvent may be because the two DHA chains in
the lipid were close to each other, whereas the distance to
other lipids was greater. This may have led to pronounced ox-
idation to hydroperoxides and to polymerization. Another
study showed similar results in that 1-palmitoyl-2-arachi-
donoyl-PC was found to be more stable than 1,2-diarachi-

donoyl-PC mixed with 1,2-dipalmitoyl-PC at the ratio of 1:1
when incubated at 37°C (22).

Incorporation of DHA at all positions of a TG is not an ap-
propriate solution for protecting DHA, since a considerable
amount of hydroperoxides was formed. Furthermore, all the
monohydroperoxy-DHA isomers were formed in this lipid, al-
though the levels were low, which indicates that the isomers
formed were quickly transformed into polyhydroperoxides.
Earlier findings have shown that the oxidation stability differs
between a TG containing one or three eicosapentaenoic acids
(23). The former was more stable than the latter. Therefore,

OXIDATION OF DHA IN LIPIDS 977

Lipids, Vol. 40, no. 9 (2005)

FIG. 4. (A) Polyhydroperoxides in bulk; (B) polyhydroperoxides in solvent. 1-DHA-PC (n), 2-
DHA-PC (nn), 1-DHA-PE (s), 2-DHA-PE (ss), DHA-TG (ll), DHA (u), 1,2-DHA-PC (l), DHA
+ PC (uu).



DHA is probably oxidized less when only one DHA residue is
incorporated into each TG molecule than the tested TG with
three DHA.

The fact that DHA-containing phospholipids provide bet-
ter protection of DHA than TG is supported by earlier find-
ings in studies on phospholipids, TG, and ethyl esters con-
taining 11 mol% DHA, each in a bulk lipid system at 25°C
(12). When 1-palmitoyl-2-DHA-PC was incubated at a higher
temperature, 37°C, pronounced oxidation occurred on the
first day; thus, this temperature is not suitable for this formu-
lation (22).

The bulk lipids were generally more prone to oxidization
than the lipids incubated in the solvent or emulsion. The bulk
lipids exposed a larger surface to the air, whereas fewer lipid

molecules were in contact with the air at the liquid surface of
both the solvent and the emulsion. Since the nonionic emulsi-
fier (Tween 20) provided a barrier that inhibited the diffusion
and penetration of radicals or trace metals, the lipids in the
emulsion system were protected against oxidation (9).

Our investigation showed that incorporating DHA into PC
and PE at one position can offer protection of DHA against per-
oxidation under mild storage conditions. Earlier findings have
shown that the combination of tocopherol, ascorbic acid, and
lecithin has a higher protective effect on PUFA than tocoph-
erol, ascorbic acid, or lecithin alone (11). To achieve maximal
protection of DHA, we therefore recommend that it be incor-
porated into PC or PE (one DHA molecule per lipid molecule)
and that both tocopherol and ascorbic acid be added.
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FIG. 5. PV for formulations in the two systems. (A) Bulk; (B) solvent. 1-DHA-PC (n), 2-DHA-
PC (nn), 1-DHA-PE (s), 2-DHA-PE (ss), DHA-TG (ll), DHA (u), 1,2-DHA-PC (l), DHA + PC
(uu).



ACKNOWLEDGMENT

This work was financially supported by The Swedish Research
Council for Environment, Agricultural Science and Spatial Planning
(Formas).

REFERENCES
1. Birch, E.E., and O’Connor, A.R. (2001) Preterm Birth and Visual

Development, Semin. Neonatol. 6, 487–497.
2. Horrocks, L.A., and Yeo, Y.K. (1999) Health Benefits of Docosa-

hexaenoic Acid (DHA), Pharmacol. Res. 40, 211–225.
3. Lim, G.P., Calon, F., Morihara, T., Yang, F., Teter, B., Ubeda, O.,

Salem, N., Jr., Frautschy, S.A., and Cole, G.M. (2005) A Diet En-
riched with the Omega-3 Fatty Acid Docosahexaenoic Acid Re-
duces Amyloid Burden in an Aged Alzheimer Mouse Model, J.
Neurosci. 25, 3032–3040.

4. Horrobin, D.F. (1998) The Membrane Phospholipid Hypothesis as
a Biochemical Basis for the Neurodevelopmental Concept of Schiz-
ophrenia, Schizophr. Res. 30, 193–208.

5. Stordy, B.J. (2000) Dark Adaptation, Motor Skills, Docosa-
hexaenoic Acid, and Dyslexia, Am. J. Clin. Nutr. 71, 323S–326S.

6. Richardson, A.J., and Puri, B.K. (2000) The Potential Role of Fatty
Acids in Attention-Deficit/Hyperactivity Disorder, Prostaglandins
Leukot. Essent. Fatty Acids 63, 79–87.

7. Larsson, S.C., Kumlin, M., Ingelman-Sundberg, M., and Wolk, A.
(2004) Dietary Long-Chain n-3 Fatty Acids for the Prevention of
Cancer: A Review of Potential Mechanisms, Am. J. Clin. Nutr. 79,
935–945.

8. Holub, D.J., and Holub, B.J. (2004) Omega-3 Fatty Acids from Fish
Oils and Cardiovascular Disease, Mol. Cell. Biochem. 263,
217–225.

9. Frankel, E. (1998) Lipid Oxidation. The Oily Press, Dundee, Scot-
land.

10. Kamal-Eldin, A., and Yanishlieva, N.V. (2002) n-3 Fatty Acids for
Human Nutrition: Stability Considerations, Eur. J. Lipid Sci. Tech-
nol. 104, 825–836.

11. Yanishlieva, N.V., and Marinova, E.M. (2001) Stabilisation of Edi-
ble Oils with Natural Antioxidants, Eur. J. Lipid Sci. Technol. 103,
752–767.

12. Song, J.H., Inoue, Y., and Miyazawa, T. (1997) Oxidative Stability
of Docosahexaenoic Acid-Containing Oils in the Form of Phospho-
lipids, Triacylglycerols, and Ethyl Esters, Biosci. Biotechnol.

Biochem. 61, 2085–2088.
13. Sarney, D.B., Fregapane, G., and Vulfson, E.N. (1994) Lipase-Cat-

alyzed Synthesis of Lysophospholipids in a Continuous Bioreactor,
J. Am. Oil Chem. Soc. 71, 93–96.

14. Lyberg, A.-M., Adlercreutz, D., and Adlercreutz, P. (2005) Enzy-
matic and Chemical Synthesis of Phosphatidylcholine Regioiso-
mers Containing Eicosapentaenoic Acid or Docosahexaenoic Acid,
Eur J Lipid Sci Tech. 107, 279–290.

15. D’Arrigo, P., de Ferra, L., Piergianni, V., Selva, A., Servi, S., and
Strini, A. (1996) Preparative Transformation of Natural Phospho-
lipids Catalyzed by Phospholipase D from Streptomyces, J. Chem.
Soc., Perkin Trans. 12651–2656.

16. Adlercreutz, D., Budde, H., and Wehtje, E. (2001) Synthesis of
Phosphatidylcholine with Defined Fatty Acid in the sn-1 Position
by Lipase-Catalyzed Esterification and Transesterification Reac-
tion, Biotechnol. Bioeng. 78, 403–411.

17. Huang, S.-W., Hopia, A., Schwarz, K., Frankel, E.N., and German,
J.B. (1996) Antioxidant Activity of α-Tocopherol and Trolox in
Different Lipid Substrates: Bulk Oils vs. Oil-in-Water Emulsions,
J. Agric. Food Chem. 44, 444–452.

18. Asakawa, T., and Matsushita, S. (1980) A Colorimetric Microde-
termination of Peroxide Values Utilizing Aluminum Chloride as
the Catalyst, Lipids 15, 965–967.

19. Jessup, W., Dean, R.T., and Gebicki, J.M. (1994) Iodometric De-
termination of Hydroperoxides in Lipids and Proteins, Methods En-
zymol. 233, 289–303.

20. Endo, Y., Li, C.M., Tagiri-Endo, M., and Fujimoto, K. (2001) A
Modified Method for the Estimation of Total Carbonyl Compounds
in Heated and Frying Oils Using 2-Propanol as a Solvent, J. Am.
Oil Chem. Soc. 78, 1021–1024.

21. King, M.F., Boyd, L.C., and Sheldon, B.W. (1992) Antioxidant
Properties of Individual Phospholipids in a Salmon Oil Model Sys-
tem, J. Am. Oil Chem. Soc. 69, 545–551.

22. Araseki, M., Yamamoto, K., and Miyashita, K. (2002) Oxidative
Stability of Polyunsaturated Fatty Acid in Phosphatidylcholine Li-
posomes, Biosci. Biotechnol. Biochem. 66, 2573–2577.

23. Endo, Y., Hoshizaki, S., and Fujimoto, K. (1997) Oxidation of Syn-
thetic Triacylglycerols Containing Eicosapentaenoic and Docosa-
hexaenoic Acids: Effect of Oxidation System and Triacylglycerol
Structure, J. Am. Oil Chem. Soc. 74, 1041–1045.

[Received June 14, 2005; accepted September 12, 2005]

OXIDATION OF DHA IN LIPIDS 979

Lipids, Vol. 40, no. 9 (2005)

FIG. 6. The PV for formulations in the emulsion. 1-DHA-PC (n), 2-DHA-PC (nn), 1-DHA-PE
(s), 2-DHA-PE (ss), DHA-TG (ll), DHA (u), 1,2-DHA-PC (l), DHA + PC (uu).



ABSTRACT: Fractionation of the MeOH extract of Homaxinella
sp., a marine sponge, led to the isolation of a sodium salt of a new
brominated FA (1), two new MG (2 and 4), and a new lysoPC (6).
The geometry of the double bonds in 1 and 2 was defined by
comparison of the NMR chemical shifts of the allylic carbons, nu-
clear Overhauser effect spectroscopy correlations of the allylic
protons, and coupling constants of the vinylic protons with those
reported. Evidence mainly from NMR and MS analyses estab-
lished the planar structures of the compounds. Compounds 1, 2,
4, and 6 were evaluated for cytotoxicity against a panel of five
human solid tumor cell lines. Only compound 1 showed moder-
ate activity.

Paper no. L9802 in Lipids 40, 981–985 (September 2005).

Marine sponges of the genus Homaxinella (family Axinellidae,
order Halichondrida) are reported to contain various unusual
sterols (1), bromopyrrole alkaloids (2), and aromatic antimi-
crobial compounds (3).

In the course of our study on cytotoxic compounds from the
marine sponge Homaxinella sp., we have isolated butenolides
(4), a cyclopentenone derivative (4), and degraded sterols (5).
In a continuing study on the same sponge we have isolated a
sodium salt of a new brominated FA (1), two MG (2 and 4),
and a 3′-methylated lysoPC (6), along with their known
analogs (3, 5, and 7–9), from the MeOH extract of the sponge
(Scheme 1).

Brominated FA (6–14), lysoPC derivatives (15–17), and
glycerol derivatives (18,19) with various chain length, substi-
tution, and unsaturation patterns were reported from several
sponges. Both brominated FA derivatives and lysoPC deriva-
tives have shown interesting biological activities such as cyto-
toxicity to tumor cell lines and inhibition of cholesterol biosyn-
thesis (12,15–17).

EXPERIMENTAL PROCEDURES

General experimental procedures. Optical rotations were mea-
sured using a JASCO DIP-370 digital polarimeter. 1H and 2D
[COSY, HMBC (heteronuclear multiple bond correlation),

HSQC (heteronuclear single quantum correlation), and NOESY
(nuclear Overhauser effect spectroscopy)] NMR data were col-
lected on a Varian INOVA 500 spectrometer. Chemical shifts
were reported with reference to the respective residual solvent or
deuterated solvent peaks (δH 3.30 and δC 49.0 for CD3OD).
FABMS data were obtained on a JEOL JMS SX-102A mass
spectrometer. High-resolution FABMS (HRFABMS) data were
obtained on a JEOL JMS SX-101A mass spectrometer. HPLC
was performed with a YMC (Kyoto, Japan) packed ODS col-
umn (250 × 10 mm, 5 µm, 120 Å) and a C18–5E Shodex (Showa
Denko K.K., Tokyo, Japan) packed column (250 × 10 mm, 5 µm,
100 Å) using a Gilson 133-RI (refractive index) detector.
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Animal material. The sponge was collected in August 1998
at a depth of 20 m off Jeju Island, Korea. The specimen was
identified as Homaxinella sp. by Prof. Chung Ja Sim, Hannam
University. A voucher specimen (J98J–1) of this sponge (reg-
istry No. Spo. 39) was deposited in the Natural History Mu-
seum, Hannam University, Daejon, Korea, and has been de-
scribed elsewhere (4).

Extraction and isolation procedure. The frozen sponge (7
kg) was extracted with MeOH at room temperature. The
MeOH extract showed toxicity (LD50 57 µg/mL) against brine
shrimp larvae (20). The MeOH extract was partitioned between
CH2Cl2 and water. The CH2Cl2 layer was further partitioned
between aqueous MeOH and n-hexane. The aqueous MeOH
fraction was subjected to a step gradient reversed-phase flash
column chromatography (YMC Gel ODS-A, 60 Å, 400–500
mesh) with a solvent system of 60–100% MeOH/H2O to afford
22 fractions. The bioactive fraction 13 was subjected to suc-
cessive RP-HPLC (C18–5E Shodex packed) by eluting with
97% MeOH followed by another RP-HPLC (YMC-Pack ODS)
with elution by 91% MeOH to afford compounds 1 (1.2 mg), 2
(1.0 mg), and 6 (0.7 mg). Fraction 11 (506.8 mg), one of the
bioactive fractions (LD50 10 µg/mL), was subjected to re-
versed-phase medium-pressure LC (RP-MPLC) (YMC ODS-
A, 120 Å, 30–50 µm), eluting with a stepped-gradient solvent
system of 60–100% MeOH/H2O to afford 10 subfractions.
Compounds 5 (1.3 mg) and 8 (21.2 mg) were obtained by sep-
aration of subfractions 8 (52.2 mg) and 7 (65.9 mg) by RP-
HPLC (YMC-Pack ODS) eluting with 90 and 92% MeOH, re-
spectively. Fraction 12 (1.2 g), another bioactive fraction (LD50
27 µg/mL), was also subjected to a RP-MPLC (YMC ODS-A,

120 Å, 30–50 µm) with elution by a stepped-gradient solvent
system of 65–100% MeOH/H2O to afford 10 subfractions.
Compounds 3 (2.1 mg), 4 (1.0 mg), 7 (1.2 mg), and 9 (3.5 mg)
were obtained by separation and purification of subfraction 4
(225.1 mg) by RP-HPLC (C18–5E Shodex packed), eluting
with 90% MeOH.

(i) Compound 1. Colorless oil; 1H NMR (CD3OD, 500 MHz)
δ 5.86 (1H, t, J = 8.0 Hz, H-5), 5.41 (1H, dt, J = 10.5, 7.5 Hz, H-
10), 5.34 (1H, dt, J = 10.5, 7.5 Hz, H-9), 2.48 (4H, t, J = 7.5 Hz,
H-2,7), 2.28 (2H, m, H-8), 2.08 (2H, m, H-4), 2.05 (2H, m, H-
11), 1.66 (2H, quint, J = 7.5 Hz, H-3), 1.52 (1H, m, H-21),
1.20–1.35 (16H, m, H-12–H-19), 1.15 (2H, q, J = 6.5 Hz, H-20),
0.87 (6H, d, J = 7.0 Hz, H-22,23); 13C NMR (based on HSQC
and HMBC assignments, CD3OD, 500 MHz) δ 177.2 (C-1), 34.8
(C-2), 25.9 (C-3), 29.2 (C-4), 133.1 (C-5), 126.9 (C-6), 36.8 (C-
7), 26.8 (C-8), 132.8 (C-9), 126.9 (C-10), 27.5 (C-11), 29.1–30.3
(C-12–C-19), 39.0 (C-20), 29.0 (C-21), 22.8 (C-22,23); FABMS
m/z 451/453 [M + H]+, 473/475 [M + Na]+ HRFABMS m/z
473.2041/475.1959 ([M + Na]+, calculated for C23H40O2-
79BrNa2/C23H40O2

81BrNa2, 473.2007/475.1990).
(ii) Compound 2. Colorless oil; [α]25

D +6° (c 0.03, MeOH);
1H and 13C NMR data (see Table 1); FABMS m/z 485/487 [M
− H2O + H]+.

(iii) Compound 4. White amorphous powder; [α]25
D +7° (c

0.08, MeOH); 1H NMR (CD3OD, 500 MHz) δ 4.14 (1H, dd, J
= 11.5, 4.5 Hz, H-1a), 4.05 (1H, dd, J = 11.5, 6.5 Hz, H-1b),
3.80 (1H, m, H-2), 3.53 (2H, m, H-3), 2.35 (2H, t, J = 7.5, H-
2′), 1.61 (2H, m, H-3′), 1.25–1.35 (6H, m, H-4′–6′), 1.38 (2H,
m, H-7′), 0.67 (2H, m, H-8′, 9′), 1.18 (2H, m, H-10′), 1.20–1.35
(10H, m, H-11′–H-15′), 0.90 (3H, t, J = 7.0 Hz, H-16′), 0.59
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TABLE 1
1H and 13C NMR Data of Compounds 2 and 6

2 6

Position 1Ha 13Cb Position 1Ha 13Cb

1a 4.15 (1H, dd, 11.5, 5.0) 66.3 1 4.18 (1H, dd, 11.5, 5.0) 65.9
1b 4.06 (1H, dd, 11.5, 5.0) 4.11 (1H, dd, 11.5, 5.0)
2 3.81 (1H, m) 70.0 2 3.96 (1H, m) 69.5
3 3.64 (2H, m) 63.9 3 3.89 (2H, m) 67.7
1′ 174.7 1′ 174.3
2′ 2.36 (2H, t, 8.0) 33.9 2′ 2.36 (1H, dd, 14.5, 5.0) 42.3
3′ 1.69 (2H, quint, 8.0) 25.5 2.15 (1H, dd, 14.5, 5.0)
4′ 2.09 (2H, q, 8.0) 29.6 3′ 1.93 (1H, m) 31.1
5′ 5.85 (1H, t, 8.0) 132.4 4′ 1.17 (2H, m) 40.0
6′ 126.9 5′-15′ 1.22-1.32 (22H, m) 30.0-33.3
7′ 2.47 (2H, t, 7.5) 36.4 16′ 1.07 (2H, m) 38.0
8′ 2.29 (2H, q, 7.0) 26.5 17′ 1.53 (1H, m) 28.8
9′ 5.42 (1H, dt, 10.5, 7.5) 132.6 18′ 0.88 (3H, d, 6.5)c 19.9c

10′ 5.34 (1H, dt, 10.5, 7.5) 128.4 19′ 0.88 (3H, d, 6.5)c 19.9c

11′ 2.07 (2H, m) 27.8 20′ 0.94 (3H, d, 7.0) 19.2
12′-19′ 1.20-1.35 (14H, m) 29.8-33.3 1′′ 4.28 (2H, m) 60.1
20′ 1.17 (2H, q, 7.0) 39.8 2′′ 3.63 (2H, m) 67.2
21′ 1.52 (1H, m) 29.2 N-CH3 3.21 (9H, s) 54.4
22′ 0.87 (3H, d, 7.0)c 22.5
23′ 0.87 (3H, d, 7.0)c 22.5
aMeasured at 500 MHz in CD3OD. 
bThe assignments are based on the heteronuclear single quantum correlation and heteronuclear multiple bond correlation data.
cAssignment with the same superscript in the same column may be interchanged.



(1H, td, J = 7.8, 3.6, H-17a′), −0.33 (1H, td, J = 5.4, 3.6, H-
17b′); 13C NMR (based on HSQC and HMBC assignments,
CD3OD, 500 MHz) δ 66.1 (C-1), 77.0 (C-2), 63.8 (C-3), 175.3
(C-1′), 34.6 (C-2′), 25.3 (C-3′), 31.2–29.1 (C-4′–6′), 30.1 (C-
7′), 16.7 (C-8′, 9′), 30.1 (C-10′), 31.2–29.1 (C-11′–C-15′), 14.1
(C-16′), 12.2 (C-17′); FABMS m/z 365 [M + Na]+, HRFABMS
m/z 365.2659 ([M + Na]+, calculated for C20H38O4Na,
365.2668), FAB-collision-induced dissociation-tandem mass
spectroscopy m/z 365 [M + Na]+ (100), 349 (0.2), 335 (0.2),
321 (0.4), 307 (0.3), 293 (0.4), 279 (0.4), 265 (0.4), 251 (0.2),
239 (0.2), 225 (0.4), 211 (0.5), 197 (0.2), 183 (0.5), 169 (2.4),
155 (0.9), 113 (1.4), 97 (0.8), 55 (0.5), 23 (2.6).

(iv) Compound 6. White amorphous powder; [α]22
D −4° (c

0.06, MeOH), 1H and 13C NMR data (see Table 1); FABMS
m/z 552 [M + H]+, 574 [M + Na]+ HRFABMS m/z 552.4040
([M + H]+, calculated for C28H59NO7P, 552.4029).

Cell lines and culture conditions. The SK-MEL-2 human
melanoma, A549 nonsmall cell lung, SKOV-3 ovarian, HCT-
15 colon, and XF-498 central nervous system tumor cell lines
were maintained as stocks in RPMI 1640 (Gibco, Gaithersburg,
MD) supplemented with 10% FBS (Gibco). Cell cultures were
passaged once or twice weekly using trypsin–trans-1,2-di-
aminocyclohexanetetraacetate to detach the cells from their
culture flasks.

Bioassay. The sulforhodamine B (SRB) assay, developed
for measuring the cellular protein content of the cultures, is ap-
plied for the measurement of the cytotoxicity of the compounds
against tumor cells. The rapidly growing cells were harvested,
counted, and inoculated at the appropriate concentrations (1−
2 × 104 cells/well) into 96-well microtiter plates. After incuba-
tion for 24 h, the compounds dissolved in culture medium were
applied to the culture wells in triplicate, followed by incubat-
ing for 48 h at 37°C under a 5% CO2 atmosphere. The cultures
fixed with cold TCA were stained by 0.4% SRB dissolved in
1% acetic acid. After solubilizing the bound dye with 10 mM
unbuffered Tris base by gyratory shaker, the absorbance at 520
nm was measured with a microplate reader (Dynatech Model
MR 700). Fifty percent inhibitory concentration (ED50) was
defined as the concentration that reduced absorbance by 50%
of untreated wells compared with the control in the SRB assay.

RESULTS AND DISCUSSION

Compound 1, a sodium salt of a FA, was isolated as a colorless
oil. Its molecular formula was established as C23H40O2BrNa
on the basis of MS and NMR spectral data. The FABMS
showed [M + H]+ and [M + Na]+ ion clusters at m/z 451/453
and m/z 473/475, respectively. The exact mass of the [M + Na]+

ions at m/z 473.2041 and 475.1959 matched well with the ex-
pected molecular formula of C23H40O2

79BrNa2 (∆ +3.4 mmu),
and C23H40O2

81BrNa2 (∆ +3.1 mmu), respectively. The 1H
NMR spectrum showed the presence of two multiplets at δ 5.32
and 5.41, corresponding to vicinal olefinic protons. An addi-
tional triplet at δ 5.84 (J = 7.8 Hz) suggested the presence of a
trisubstituted double bond. The connectivities from H-2 to H-
11 were resolved by COSY spectrum. The H-9 proton was cou-

pled to the H-8 methylene protons, which were in turn coupled
to those at C-7, while the H-10 proton was coupled to the H-11
methylene protons. The H-5 proton, however, was coupled
only to the H-4 methylene, which suggested that the trisubsti-
tuted and disubstituted double bonds were located at C-5 and
C-9, respectively. The bromine atom had to be attached to the
C-6 position, and the connection between C-6 and C-7 was re-
vealed by HMBC correlations for H-5/C-6, H-7/C-6, and H-
8/C-6 (Fig. 1). The geometry of ∆9 was defined as cis on the
basis of chemical shifts of the allylic carbons (δ 26.8 and 27.5)
(15–17), which was further corroborated by the characteristic
coupling constant of the olefinic protons (J9,10 = 10.5 Hz). The
configuration of ∆5 was deduced to be trans by comparison of
13C NMR data of the allylic carbons C-4 (δ 29.2) and C-7 (δ
36.8) with those of the similarly bromo-substituted olefinic
compounds (7,10,12). Furthermore, the NOESY correlations
H2-4/H2-7 and H2-8/H2-11 also supported the 5E,9Z configura-
tion. Thus, the structure of 1 was established as a sodium salt
of (5E,9Z)-6-bromo-21-methyldocosa-5,9-dienoic acid, and
the free acid was named homaxinolic acid A. The 6-Br-iso-25:2
(∆5,9), 6-Br-iso-27:2 (∆5,9), and 6-Br-iso-29:2 (∆5,9) acids were
previously reported (6–14). The isolation of compound 1 ex-
panded this series to the 6-Br-iso-23:2 (∆5,9) acid, and hence
expanded our present knowledge of iso odd-chain 6-Br-iso-
(∆5,9) FA.

Homaxinolin A (2) was isolated as a colorless oil. Its mo-
lecular formula was established as C26H47O4Br on the basis of
MS and NMR spectral data. The FABMS showed [M – H2O +
H]+ peaks at m/z 485 and 487. The presence of a glycerol moi-
ety in 2 was deduced by the characteristic oxygenated proton
signals at δ 4.15 (H-1a), 4.06 (H-1b), 3.81 (H-2), and 3.64 (H2-
3). Furthermore, the HMBC correlations from H-1a and H-1b
to the carbonyl carbon at δ 174.7 (C-1′) confirmed the ester
linkage in the molecule. The 5′E,9′Z-geometry was similarly
defined as in the case of 1. The stereochemistry at C-2 of the
glycerol moiety was defined as S on the basis of the positive
optical rotation (21). Thus, the structure of 2 was established
as 1-O-[(5E,9Z)-6-bromo-21-methyldocosa-5,9-dienoyl]-sn-
glycerol. The isolation of compound 2 showed that this type of
brominated FA could occupy the C-1 position of a MG.

Homaxinolin B (4) was isolated as a white amorphous pow-
der. Its molecular formula was established as C20H38O4 on the
basis of HRFABMS and 13C NMR spectral data. The exact
mass of the [M + Na]+ ion (m/z 365.2669) matched well with
the expected molecular formula of C20H38O4Na (∆ −0.9 mmu).
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FIG. 1. Key COSY and heteronuclear multiple bond correlations of
compounds 1, 2, and 6.



The 1H NMR spectrum showed characteristic oxygenated pro-
ton signals of the glycerol moiety at δ 4.14 (H-1a), 4.05 (H-1b),
3.80 (H-2), and 3.53 (H2-3). The HMBC correlation from H-1a
and H-1b to the carbonyl carbon signal (δ 175.3) indicated the
presence of an ester linkage. The characteristic 1H NMR sig-
nals for a cyclopropane moiety (δ 0.67, 0.59, and −0.33) were
observed. The position of the cyclopropane moiety in the acyl
chain was deduced from the prominent fragment ions at m/z
279 and 211, produced by β-cleavages of the three-membered
ring (Fig. 2). Suppressed fragment ions between m/z 265 and
225 also indicated the position of the cyclopropane moiety. The
Jcis (∼8.0 Hz) between the ring methylene and methine protons
in the cyclopropane is generally larger than the Jtrans (∼5.0 Hz)
(15,22). The large coupling constant (Jcis = 7.8 Hz) between H-
17′ and H-8′/H-9′ supported the cis ring substitution pattern.
Furthermore, the larger difference in the chemical shifts of the
ring geminal methylene protons (∆δ 0.9) also supported the cis-
disubstituted ring orientation (15,23). In case of trans-disubsti-
tuted cyclopropanes, the geminal methylene protons are re-
ported to appear side by side (∆δ 0.1) (23,24). The configura-
tion at C-2 was established to be S on the basis of the positive
optical rotation (21). Based on these data, the structure of 4 was
established as 1-O-(cis-8,9-methylenehexadecanoyl)-sn-glyc-
erol. There are several reports on FA containing a cyclopropane
group (25–27), including a cis-methylenehexadecanoic acid
(cy-16:0) isolated from a bacterium with the position of the cy-
clopropane moiety undetermined (28) and another report from
an industrial source (29). To the best of our knowledge, this is
the first report on the isolation of cis-(8,9)-methylenehexade-
canoic acid from any natural source, as a FA derivative in gen-
eral and as a C-1 substituent of a MG in particular.

Homaxicholine A (6) was isolated as a white amorphous
solid. Its molecular formula was established as C28H58NO7P on
the basis of MS and NMR spectral data. The FABMS showed a
[M + H]+ peak at m/z 552 and a [M + Na]+ peak at m/z 574. The
exact mass of the [M + H]+ ion (m/z 552.4040) matched well
with the expected molecular formula of C28H58NO7P (∆ +1.1
mmu). The 1H NMR spectrum featured a characteristic pattern
of the PC skeleton. The doublet at δ 0.94 (H3-20′) showed corre-
lation to a multiplet at δ 1.93 (H-3′) in the COSY spectrum,
which was further correlated to two doublets of doublets cen-
tered at δ 2.36 and 2.15 (H2-2′) and a multiplet at δ 1.17 (H2-4′).
In the HMBC spectrum, correlations were observed from H-2′
to C-1′, 3′, 4′, from H-20′ to C-2′, 3′, 4′, and from H2-1 of the
glycerol moiety to C-1′ (Fig. 1). These correlations revealed that
the methyl group was present at C-3′. The configuration of the
C-3′ methyl remains to be determined. The stereochemistry at

C-2 was defined as R on the basis of the negative optical rotation
data (17). Thus, the structure of 6 was determined to be 1-O-
(3,17-dimethyloctadecanoyl)-sn-glycero-3-phosphocholine.

The isolation of acyl moieties containing a methyl group at
C-3 in guanidine alkaloids and spermidine derivatives has been
reported from sponge and soft coral, respectively (30,31). To
the best of our knowledge, this acyl moiety, 3,17-dimethyloc-
tadecanoic acid, is unprecedented in the literature.

The known compounds (3, 5, and 7–9) were identified by
comparison of their NMR/MS data with those reported
(15–17). The stereochemistry at C-2 of the glycerol moiety of
3, 5, and 7–9 was presumed to be the same as those of reported
from sponges (15–17).

Compounds 1, 2, 4, and 6 were evaluated for cytotoxicity
against a panel of five human tumor cell lines (Table 2). Of the
compounds tested, only 1 showed a moderately cytotoxic pro-
file to most of the tumor cell lines tested. Compounds 2, 4, and
6 were virtually inactive.
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ABSTRACT: Isoprostanes (IsoPs), lipid peroxidation products
formed via the free radical-mediated oxidation of arachidonic
acid, have become the “gold standard” biomarker of oxidative
stress in vivo over the past 15 yr. Significant advances have been
made in understanding this important pathway of lipid peroxida-
tion. Recent studies from our laboratory are discussed that have
provided insights into the mechanism of formation and regioiso-
meric distribution of these compounds and that have identified
novel products of the IsoP pathway such as cyclized dioxolane
IsoPs, IsoP-derived racemic prostaglandins, and reactive cy-
clopentenone IsoP, the latter of which possess potent biological
actions. Furthermore, new independent studies have demon-
strated that IsoPs are the most reliable available marker of lipid
peroxidation in vivo, and recent work examining IsoP formation
has provided valuable information about the pathogenesis of nu-
merous human diseases. Thus, the complexity of the IsoP path-
way has expanded, providing novel insights into mechanisms of
lipid peroxidation in vivo and allowing investigators to explore
the role of oxidative stress in human disease.
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First described by Morrow and Roberts in 1990, the iso-
prostanes (IsoPs) are lipid peroxidation products derived from
the oxidation of the ubiquitous PUFA arachidonic acid (AA)
(1). IsoPs are so named because they are isomeric to enzymati-
cally derived prostaglandins (PG), potent lipid mediators pro-
duced from free arachidonate via the action of cyclooxygenase
(COX) enzymes. Unlike PG, however, IsoPs are formed
nonenzymatically as a result of free radical-mediated peroxida-
tion of AA. Over the past 15 yr, IsoPs have emerged as an ex-
cellent biomarker of oxidative damage in vivo, and consider-
able effort has been focused on the elucidation of this impor-
tant lipid peroxidation pathway. Work by our group and many
others has yielded novel insights into the biochemistry of this
pathway, has generated improved analytical techniques for the
analysis of these compounds, and has expanded the ever-grow-
ing list of human disease states and biological processes in

which both IsoP formation and oxidative stress have been im-
plicated.

ADVANCES IN ISOP BIOCHEMISTRY

The mechanism of IsoP formation, which has been the source
of some controversy and is discussed more thoroughly later, is
outlined in Figure 1. Following abstraction of a bisallylic hy-
drogen atom and the addition of a molecule of oxygen to AA
to form a peroxyl radical, exo-cyclization occurs and an addi-
tional molecule of oxygen is added to form prostaglandin
(PG)G2-like compounds. These unstable bicycloendoperoxide
intermediates then spontaneously form parent IsoP. Based on
this mechanism of formation, four IsoP regioisomers are gen-
erated, each with 16 stereoisomers, resulting in a total of 64
IsoP isomers (1–3). IsoP regioisomers are denoted as either 5-,
12-, 8-, or 15-series compounds depending on the carbon atom
to which the side chain hydroxyl is attached (4). IsoPs that con-
tain the F-type prostane ring are isomeric to PGF2α and are thus
referred to as F2-IsoPs. It should be noted that IsoPs containing
alternative PG ring structures (such as those containing E/D
and A/J rings) can also be formed by this mechanism; these will
be discussed later (5,6). F2-IsoPs, however, have been the most
studied class of IsoP and, because of their stability, afford the
most accurate measure of oxidant stress (7). An alternative
nomenclature system for the IsoPs has been proposed by
FitzGerald and colleagues in which the abbreviation iP is used
for isoprostane, and regioisomers are denoted as III–VI based
on the number of carbons between the omega carbon and the
first double bond (8,9). This nomenclature system can also be
applied to IsoP-like compounds derived from other FA, such as
EPA and DHA.

There are several key distinctions between IsoPs and COX-
derived PG. First, PG are generated with side chains that are
predominantly oriented trans to the prostane ring whereas IsoP
are formed almost exclusively with cis side chains, a more ther-
modynamically favorable configuration (1–3). A second im-
portant difference between these two classes of molecules is
that IsoPs are formed in situ esterified to phospholipids and are
subsequently released by a phospholipase(s) (5), whereas PG
are generated only from free AA (10). Thus, IsoPs can be quan-
tified both in membrane-esterified or free fractions. Further-
more, membrane-esterifed IsoPs can potentially affect the in-
tegrity and fluidity of membranes, owing to their contorted 3-
D structure (5).
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Mechanism of IsoP formation.  The exact chemical mecha-
nism by which IsoPs are formed has been the topic of some de-
bate. The mechanism depicted in Figure 1 was first proposed by
our group (1,2,11). Under this scheme, the initial arachidonyl
peroxyl radical undergoes successive 5-exo cyclizations in a
process similar to that proposed for enzymatic PG biosynthesis
(Fig. 1). A second mechanism was subsequently proposed in-
volving 4-exo cyclization of the peroxyl radical and leading to a
dioxetane intermediate (12), based on an alternative mechanism
proposed for PG formation originally put forward by Corey and
Wang (13). For a diagram depicting both mechanisms, see Ref-

erence 8. To determine the primary mechanism of IsoP forma-
tion, we isolated optically pure cholesteryl-15- hydroperoxye-
icosatetraenoic acid  (Ch-15-HpETE), one of the arachidonyl hy-
droperoxides that give rise to IsoP, and oxidized this compound
in vitro, giving rise to the 15-peroxyl radical depicted in Figure 1
(14). According to the 5-exo mechanism, oxidation of this opti-
cally pure reactant should give rise to a racemic mixture of IsoP
products, whereas the 4-exo “dioxetane mechanism” would yield
optically pure compounds. Analysis of the products of this reac-
tion using atmospheric pressure CI-MS (APCI/MS) coupled
with chiral HPLC revealed that the IsoP formed were a mixture
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FIG. 1. Mechanism of formation of the F2-isoprostanes (IsoPs). Four regioisomers are formed, each consisting of 8 racemic diastereomers. The 15-
and 5-series regioisomers are more abundant than the 12- and 8-series, as the hydroperoxyl radicals that give rise to 12- and 8-series IsoPs can also
undergo further cyclization to form 12- and 8-series dioxolane IsoPs. Stereochemistry is not indicated.



of racemic diastereomers, a finding consistent with the original
5-exo mechanism (Fig. 1) and providing evidence against the
formation of dioxetane intermediates (14).

Distribution of IsoP regioisomers. Although the initial ab-
straction of any of the bisallylic hydrogen atoms of arachido-
nate is equally likely, the four classes of IsoP regioisomers are
not formed in equivalent proportions. Waugh et al. (15) demon-
strated that 5- and 15-series regioisomers (also known as types
II and III regioisomers, respectively) are significantly more
abundant than 8- and 12-series compounds (also termed types I
and IV regioisomers, respectively). An explanation for this dif-
ference was elucidated by Yin et al. (16,17), who demonstrated
that the arachidonyl hydroperoxides that give rise to 8- and 12-
series regioisomers, the less abundant species, readily undergo
further oxidation to yield bicyclic and serial cyclic endoperox-
ides, which go on to form bi or serial-cyclic IsoPs (see Fig. 1).
The 5- and 15-series regioisomers, which are the more abun-
dant species, arise from endoperoxides, which cannot undergo
further oxidation or cyclization and thus accumulate in tissues
and fluids. These bicyclic endoperoxides, as well as further cy-
clized IsoPs (termed dioxolane-IsoPs), were identified both in
oxidized arachidonate and LDL.

Analytical methods allowing separation and quantification
of each of the four classes of IsoP regioisomers, as well as their
individual stereoisomers, have recently been developed in our

laboratory. These techniques, which include chiral LC coupled
to tandem MS (MS/MS) with electrospray ionization (ESI) or
APCI, allow for more thorough examination of IsoP formation
in vivo (18).

Formation of E2/D2-IsoP. Although IsoPs are formed as four
different regioisomers, they are also generated with different
prostane ring structures. The arachidonyl endoperoxide interme-
diate depicted in Figure 2 can undergo reduction to yield F-ring
IsoP, which resemble PGF2α, or isomerization to form E- and
D-ring IsoPs, which are isomeric to PGE2 and PGD2, respec-
tively. F2-IsoPs are extremely stable, nonreactive compounds
that have been thoroughly studied over the past 15 yr and have
proven to be exceptional biomarkers of oxidative stress in vivo
(vide infra). However, recent advances in the study of IsoPs with
alternative ring types are beginning to yield important insights
into this lipid peroxidation pathway. E2/D2-IsoPs are formed
competitively with F2-IsoPs (19), and recent studies have
demonstrated that the depletion of cellular reducing agents, such
as glutathione (GSH) or α-tocopherol, favors the formation of
E2/D2-IsoPs over that of reduced F2-IsoPs (20). Importantly, de-
pletion of GSH and α-tocopherol occurs in various human tis-
sues under conditions of oxidant injury, including the brains of
patients with Alzheimer’s disease (AD) (21). Thus, Reich et al.
(22,23) examined the ratio of F-ring to E/D-ring IsoPs in post-
mortem brain tissues from patients with AD and found not only
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FIG. 2. Formation of cyclopentenone IsoP. The arachidonate endoperoxide intermediate can undergo reduction
[facilitated by high local concentrations of glutathione (GSH) or α-tocopherol] to form stable F2-IsoP. Alternatively,
when the reducing conditions of the cell are depleted, the endoperoxide can undergo isomerization to form E2- and
D2-IsoP, which spontaneously dehydrate to yield electrophilic A2- and J2-IsoP, also known as cyclopentenone IsoP.
All compounds depicted are 15-series, but IsoP of all regioisomer series can be formed with each of these ring
structures. ROS, reactive oxygen species; for other abbreviation see Figure 1.



that levels of both E2/D2- and F2-IsoPs were significantly elevated
but also that E2/D2-IsoPs were the favored products of the IsoP
pathway in affected brain regions. This increased ratio of E2/D2-
IsoPs to F2-IsoPs provides information not only about lipid per-
oxidation in a given tissue but also about the reducing environ-
ment in that tissue.

Cyclopentenone IsoPs.  E2/D2-IsoPs, however, are not ter-
minal products of the IsoP pathway. These compounds readily
dehydrate in vivo to yield A2/J2-IsoPs, which are also known
as cyclopentenone IsoPs because they contain an α,β-unsatu-
rated cyclopentenone ring structure (see Fig. 2) (24,25). A2/J2-
IsoPs are highly reactive electrophiles that readily form
Michael adducts with cellular thiols, including those found on
cysteine residues in proteins and GSH (6,24). These cyclopen-
tenone IsoPs are rapidly metabolized in vivo by GSH trans-
ferase enzymes to water-soluble modified GSH conjugates
(25–27). The major urinary cyclopentenone IsoP metabolite in
rats, a 15-A2t-IsoP mercapturic acid sulfoxide conjugate, was
recently identified in our laboratory (28). This metabolite can
be readily quantified in urine by LC/MS/MS and was found to
accumulate significantly over 24 h following induction of lipid
peroxidation with CCl4, providing evidence that A2/J2-IsoPs
are formed, released from membrane phospholipids, and me-
tabolized in vivo (28). This assay allows integrated measure-
ment of whole-body cyclopentenone IsoP production over a
given time and should be a valuable tool in elucidating the role
of these compounds in various models of disease.

A2/J2-IsoPs also can be directly quantified in rat liver tissue
by GC/MS, and were found to increase 24-fold following he-
patic oxidative injury with CCl4 (6). Recently, our group has
developed a novel LC/MS/MS-ESI method to quantify cy-
clopentenone IsoPs in vivo and have found that they are highly
abundant in both rodent and human brain tissue and are found
in higher concentrations than F2-IsoPs (29). Following oxida-
tive injury, A2/J2-IsoP levels in brain homogenate increase 12-
fold, reaching concentrations roughly equal to 560 nM. Thus,
our measurements of both A2/J2-IsoPs and their precursors,
E2/D2-IsoPs, in brain tissue suggest that reduction of the arachi-
donyl endoperoxide to F2-IsoPs is the less favored side of the
pathway.

The observation that A2/J2-IsoPs are preferred products of
the IsoP pathway in brain has important implications. The
chemical reactivity of cyclopentenone IsoP suggested that
these compounds might be biologically active. The recent syn-
thesis of two cyclopentenone IsoPs regioisomers, 15-A2-IsoP
and 15-J2-IsoP, has allowed us to examine their bioactivity
(30,31). Studies using primary cortical neuronal cultures
demonstrated that 15-A2-IsoPs, one of the most abundant cy-
clopentenone IsoP regioisomers in vivo, potently induces neu-
ronal apoptosis and exacerbates neurodegeneration caused by
other insults at concentrations as low as 100 nM (29). 15-A2-
IsoP elicits neuronal apoptosis via a discrete signaling pathway
that overlaps extensively with cell death signaling cascades
triggered by other oxidative insults. A second cyclopentenone

IsoP, 15-J2-IsoP, is also highly neurotoxic, suggesting that all
A2/J2-IsoPs share this characteristic (24). Thus, A2/J2-IsoPs, or
the downstream signaling pathways activated by these com-
pounds, might represent novel neuroprotective therapeutic tar-
gets. These findings are reinforced by studies demonstrating
that inhibition of lipid peroxidation, or overexpression of GST
enzymes (which scavenge reactive lipid peroxidation products
including cyclopentenone IsoPs) protects neuronal cells from
oxidative injury (32–35)

Cyclopentenone IsoPs also exert biological effects in non-
neural tissue. Recent studies using macrophages revealed that
15-A2-IsoPs potently suppress lipopolysaccharide (LPS)-in-
duced inflammatory signaling via inhibition of the nuclear
factor κ-B pathway (36). 15-A2-IsoPs abrogate inducible ni-
tric oxide synthase and COX-2 expression in response to
LPS, as well as the elaboration of several proinflammatory
cytokines (25,36). Similar anti-inflammatory effects were
seen with 15-J2-IsoPs. However, 15-J2-IsoPs also activate the
peroxisome proliferator-activated receptor-γ (PPARγ) with an
effective concentration required to elicit 50% maximal re-
sponse (EC50) of approximately 3 µM. This receptor modu-
lates a wide variety of biological processes, including inflam-
matory signaling and FA metabolism. 15-J2-IsoPs also induce
macrophage apoptosis at low micromolar concentrations in a
PPARγ-independent manner (36). Thus, there is a diversity of
actions among cyclopentenone IsoP isomers. It appears that
these compounds could act as negative-feedback regulators
of the inflammatory response, as oxidative stress and lipid
peroxidation often occur under conditions of chronic inflam-
mation (36,37).

Generation of PG via the IsoP pathway. As previously de-
scribed, IsoPs are so named because they are isomers of PG,
lipid mediators produced by the enzymatic oxidation of arachi-
donate by COX. PG can easily be distinguished from IsoPs
chromatographically because of their exclusive trans side-
chain stereochemistry and lack of regio- or stereoisomers.
However, recent work from our laboratory has revealed signif-
icant overlap between the two pathways. Gao et al. (38)
demonstrated that 15-E2t-IsoPs can undergo keto-enol tau-
tomerization in aqueous buffer to yield PGE2, thus establishing
a COX-independent mechanism for PG formation. Because
this process is nonenzymatic, the PGE2 formed via the IsoP
pathway is expected to be a racemic mixture of stereoisomers,
unlike the optically pure (single stereoisomer) PGE2 generated
by COX. Accordingly, phospholipid-esterified racemic PGE2
and PGD2, which cannot be generated by COX, were identi-
fied in rat liver tissue and increased 35-fold following oxidant
injury, even in the presence of COX inhibitors (38). These data
suggest that cross-talk exists between the COX-PG pathway,
usually associated with inflammation, and the IsoP pathway,
associated with oxidative stress. An implication of these find-
ings is that COX inhibitors should be unable to suppress PG
formation fully under conditions of oxidative injury, a hypoth-
esis in keeping with clinical observations (39).
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F2-ISOPs AS BIOMARKERS OF OXIDATIVE STRESS IN VIVO

Since their discovery in 1990, F2-IsoPs have emerged as the
gold standard marker of lipid peroxidation in vivo. Increased
levels of F2-IsoPs have been detected in tissue and fluids from
human patients with a vast array of acute and chronic diseases,
including atherosclerosis, cancer, rheumatoid arthritis, AD,
HIV infection, and many others (for review, see Refs. 8, 40).
We have defined normal levels of F2-IsoPs in human biologi-
cal fluids such as plasma and urine and have found that signifi-
cant quantities of IsoPs are generated at all times in normal,
healthy subjects, suggesting that humans are subject to incom-
pletely suppressed oxidative stress at all times (1–3). It is im-
portant to note that quantities of these compounds exceed those
of COX-derived PG by at least an order of magnitude in most
tissue and fluids, suggesting that IsoPs are a major pathway of
AA disposition. Further, levels of F2-IsoPs are sufficient to be
detected in every normal biological tissue and fluid that has
been assayed including plasma, urine, bronchoalveolar lavage
fluid, cerebrospinal fluid, and bile (3).

Quantification of IsoPs by GC/MS. To analyze F2-IsoPs, our
laboratory uses a GC/negative ion CI mass spectrometric
(GC/NICI-MS) approach with stable isotope dilution (3,40).
For quantification purposes, we measure the F2-IsoPs, 15-F2t-
IsoP, and other F2-IsoPs that coelute with this compound. Sev-
eral internal standards are available from commercial sources
to quantify the IsoP. These include [2H4]15-F2t-IsoP ([2H4] 8-
iso-PGF2α) and [2H4]-PGF2α. Other investigators, including
FitzGerald and colleagues (12,41), use similar methods that re-
quire solid phase extraction using a C18 column, TLC purifi-
cation, and chemical derivatization. By this method, IsoP are
also quantified using GC/NICI-MS but the assay measures F2-
IsoP isomers other than 15-F2-IsoP. This method appears to be
comparable to ours in terms of utility. The advantages of MS
over other approaches include its high sensitivity and speci-
ficity, which yield quantitative results in the low picogram
range. Its drawbacks are that it is labor intensive and requires
considerable expenditures on equipment.

The measurement of F2-IsoP accumulation in urine is par-
ticularly attractive, as this capability would potentially provide
an index of systemic oxidant stress integrated over time. How-
ever, the measurement of free F2-IsoPs in urine is confounded
by the potential contribution of local IsoP production in the kid-
ney (42). In light of this issue, we previously identified the pri-
mary urinary metabolite of 15-F2t-IsoP to be 2,3-dinor-5,6-di-
hydro-15-F2t-IsoP, and developed a highly sensitive and accu-
rate MS assay to quantify this molecule (43–45). Thus, the
quantification of 2,3-dinor-5,6-dihydro-15-F2t-IsoP may repre-
sent a truly noninvasive, time-integrated measurement of sys-
temic oxidation status that can be applied to living subjects.

Recent studies confirm IsoP as an excellent biomarker of
oxidative stress in vivo. Recently, an extensive multilaboratory
effort termed the Biomarkers of Oxidative Stress Study was co-
ordinated by the National Institutes of Health to evaluate and
compare several indices of oxidative stress in a head-to-head
manner (46). Rats were treated with increasing concentrations

of CCl4, a compound known to induce severe lipid peroxida-
tion in the liver. Lipid peroxidation was evaluated at several
time points by quantifying multiple markers in plasma and
urine, including F2-IsoP (by GC/MS), lipid hydroperoxides,
TBARS, malondialdehyde (MDA), protein carbonyls, methio-
nine sulfoxidation, tyrosine products, 8-hydroxy-2′-de-
oxyguanosine, leukocyte DNA–MDA adducts, and DNA-
strand breaks. Only F2-IsoPs were elevated in both plasma and
urine in both a dose- and time-dependent manner (46). A final
phase of the study examined the effect of the nonselective COX
inhibitor indomethicin on several of these biomarkers (47). The
study found that all markers tested could be partially sup-
pressed by indomethicin, suggesting not that these compounds
are catalytic products of COX, but rather that COX-dependent
proinflammatory signaling contributes to nonenzymatic lipid
peroxidation in CCl4 poisoning. These collaborative multicen-
ter studies further demonstrate that the quantification of F2-
IsoPs by GC/MS is indeed the most reliable method of assess-
ing lipid peroxidation in vivo.

Other methods to measure F2-IsoP. Although the measure-
ment of F2-IsoPs by GC/MS is considered the gold standard, a
number of alternative assay methodologies have been devel-
oped. ELISA methods to quantify 15-F2t-IsoP (8-iso-PGF2α)
and of 2,3-dinor-5,6-dihydro-15-F2t-IsoP, the major urinary F2-
IsoP metabolite, are commercially available from several ven-
dors and are commonly used owing to their low cost and mini-
mal equipment requirements. However, concerns remain about
the cross-reactivity of the antibodies used in these assays, the
variability of these kits between manufacturers, as well as their
accuracy and precision across various sample preparations. In-
deed, a recent study comparing the measurement of 2,3-dinor-
5,6-dihydro-15-F2t-IsoP by ELISA and GC/MS demonstrated
a poor correlation and found the ELISA method to be unreli-
able (48). Furthermore, these ELISA methods require similar
off-line purification as GC/MS assays and thus do not save pro-
cessing time. Further study is required to determine exactly
what compounds are quantified by these immunoassays in var-
ious types of tissue and fluids before they can be considered
equivalent to GC/MS.

An emerging methodology for IsoP measurement is
LC/MS/MS. Several groups have reported novel LC/MS/MS
methods for detecting F2-IsoPs in urine and plasma that require
minimal offline purification and appear to be quite sensitive
and specific (49–52). Although LC/MS/MS is very promising,
many of these methods have not been compared with the es-
tablished GC/MS method [the methods of Li et al. (49) and
Liang et al. (52) are notable exceptions], and their reliability
and specificity across sample preparation types remains to be
confirmed.

Quantification of IsoP in animal models of disease and
human disorders.  The measurement of F2-IsoPs by GC/MS has
been thoroughly validated by numerous in vitro methods and has
been found to correlate extremely well with other indices of lipid
peroxidation (for review, see Ref. 7). The true utility of F2-IsoP,
however, is in the quantification of lipid peroxidation in vivo. F2-
IsoPs have provided important information concerning the role
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of oxidative stress in a vast array of animal models and human
diseases, including atherosclerosis (53,54), neurodegenerative
diseases (21,55), hypercholesterolemia (56,57), diabetes (58),
obesity (59,60), rheumatoid arthritis (37), myocardial ischemia/
reperfusion (61), and many others (for a more comprehensive
list see Ref. 40). F2-IsoPs have also provided a means of assess-
ing the efficacy of various therapeutic interventions in affecting
oxidative stress in these patients (56,62). Thus, the clinical util-
ity of F2-IsoP has been great and continues to grow.

As an example, considerable recent efforts have focused on
F2-IsoPs in the study of atherosclerosis, the leading cause of
death in the United States. Increased oxidative stress has been
associated with the development of atherosclerosis, and ele-
vated quantities of F2-IsoPs were detected as markers of oxida-
tive damage in atherosclerotic plaques from human patients
(53,63). F2-IsoPs are also increased in several human disease
states that are associated with increased risk of atherosclerosis,
including diabetes (58), hypercholesterolemia (56), and ciga-
rette smoking (64). However, Schwedhelm et al. (65) recently
tested the hypothesis that increased F2-IsoPs are an indepen-
dent risk factor for atherosclerosis. Ninety-three patients with
established coronary artery disease were matched with 93 con-
trol subjects without disease. Several indices were found to be
elevated in diseased subjects, including C-reactive protein and
urinary F2-IsoP levels, the latter of which were elevated by a
mean of 1.9-fold in diseased patients. All of these characteris-
tics predicted coronary atherosclerosis in a univariate analysis.
In a multivariate analysis, however, the odds ratios of athero-
sclerosis were increased only for urinary F2-IsoPs (≥131
pmol/mmol; P < 0.001) and C-reactive protein (>3 mg/L; P <
0.01) by 30.8 and 7.2, respectively. The authors concluded that
the F2-IsoPs represent a novel marker in addition to known risk
factors of coronary heart disease and that urinary excretion of
the compounds correlates with the number of risk factors for
all subjects (P < 0.001 for trend). Recent data from the CAR-
DIA study also showed that increased F2-IsoP levels are asso-
ciated with increased risk of coronary artery calcification, a
sign of advanced atherosclerosis (66). A third study by Vassalle
et al. (67) suggests that elevated F2-IsoP formation also pre-
dicts the extent and severity of coronary artery disease. Despite
the strong association between oxidative injury and atherosclo-
erosis, several attempts to prevent atherosclerotic disease with
dietary antioxidants, particularly vitamin E, have been unsuc-
cessful (68–70). This is perhaps due to the limited efficacy of
vitamin E as an antioxidant in vivo, or to inadequate dosage and
duration of vitamin E supplementation. Indeed, work by
Fitzgerald and colleagues (71) demonstrated that vitamin E
supplementation up to 2000 IU per day for 5 wk failed to lower
plasma IsoP levels in human subjects, suggesting that this an-
tioxidant regimen does not fully suppress oxidative damage in
vivo. Data from our laboratory have further shown that high
doses and longer durations of vitamin E supplementation than
those used in most studies, including the high profile negative
studies, are required to suppress IsoP production in humans
(Morrow, J., and Roberts, L.J., unpublished data). Thus, it is
possible that more effective antioxidant therapies might

demonstrate increased success in combating atherosclerosis
and that the suppression of F2-IsoP formation might serve as
an indicator of antioxidant efficacy for future studies. Thus, the
study of F2-IsoPs continues to yield important clinical insight
into a variety of human diseases, including atherosclerosis, and
provides a potential pharmacological end point for the devel-
opment of future antioxidant therapies.

CONCLUSIONS

The discovery of F2-IsoPs as products of nonenzymatic lipid
peroxidation has opened up new areas of investigation regard-
ing the role of free radicals in human physiology and patho-
physiology and appears to be the most useful tool currently
available to explore the role of free radicals in the pathogenesis
of human disease. Our understanding of the IsoP pathway con-
tinues to expand, providing new insights into the nature of lipid
peroxidation in vivo and revealing new molecules that exert po-
tent biological actions and might serve as unique indices of dis-
ease. Basic research into the biochemistry and pharmacology
of this pathway, coupled with clinical studies using these mole-
cules as biomarkers, should continue to provide important in-
sights into the role of oxidative stress in human disease.
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ABSTRACT: Flaxseed, echium, and canola oils contain α-lino-
lenic acid (18:3n-3, ALA) in a range of concentrations. To exam-
ine their effect on elevating cardiac levels of long-chain n-3 FA,
diets based on these n-3-containing vegetable oils were fed to rats
for 4 wk. Sunflower oil, which contains little ALA, was a com-
parator. Despite canola oil having the lowest ALA content of the
three n-3-containing vegetable oils, it was the most potent for el-
evating DHA (22:6n-3) levels in rat hearts and plasma. However,
the relative potencies of the dietary oils for elevation of EPA
(20:5n-3) in heart and plasma followed the same rank order as
their ALA content, i.e., flaxseed > echium > canola > sunflower
oil. This paradox may be explained by lower ALA intake leading
to decreased competition for ∆6 desaturase activity between ALA
and the 24:5n-3 FA precursor to DHA formation.

Paper no. L9796 in Lipids 40, 995–998 (October 2005).

A substantial body of evidence exists regarding the cardiovas-
cular benefits of dietary n-3 FA (1). Marine foods are an im-
portant source of long-chain (LC) n-3 FA that have cardiopro-
tective and anti-inflammatory effects. However, stocks of many
edible marine organisms are already stressed and marine
sources could not sustain a generalized application of advice to
increase dietary n-3 FA (2,3). For this reason, attention must be
directed toward terrestrial food sources of dietary n-3 FA.

Edible oils such as flaxseed oil, and to a lesser extent canola
oil, contain α-linolenic acid (18:3n-3, ALA), which can act as
a metabolic precursor for the LC n-3 FA, EPA (20:5n-3) and
DHA (22:6n-3) (4). In a study with piglets, we observed that
ALA intake had a direct relationship to erythrocyte, liver, and
brain EPA levels, but not to DHA levels in the same tissues.
DHA levels were depressed with both low and high ALA in-
takes relative to intermediate intakes (5). Although the latter
situation appeared paradoxical, we proposed that higher ALA
intakes led to excessive ALA competition with the FA, 24:5n-
3, for ∆6 desaturase metabolism to DHA (5).

If this proposal is correct, it can be hypothesized that canola
oil with low ALA content may be disproportionately effective
in elevating tissue DHA levels when compared with flaxseed
oil with high ALA content. This is important when one consid-
ers the debate on whether cardioprotection from dietary n-3 fats

requires fish oil or whether ALA is beneficial also. For exam-
ple, the conclusion in a recent article that fish or fish oil should
remain the recommended source of n-3 FA for prevention of
heart disease (6) was challenged in a response from the authors
of the Lyon Diet Heart Study where the intervention involved,
among other things, dietary ALA from rapeseed products (7).

Another approach to efficient elevation of cardiac LC n-3
FA with a vegetable oil is to use one that contains stearidonic
acid (18:4n-3, SDA) because we demonstrated that dietary sup-
plementation with purified SDA in healthy humans was ap-
proximately fourfold more effective in elevating tissue EPA
than an equivalent dose of purified ALA (8).

An understanding of these issues of FA metabolism is perti-
nent to the pursuit of land-based sources of n-3 FA for their
ability to elevate cardiac LC n-3 FA and to the understanding
of current literature on dietary n-3 intake and adverse cardiac
outcomes. This study involves a comparison of three n-3 FA-
containing vegetable oils with regard to their ability to elevate
EPA and DHA in rat heart. For context, the n-3-containing veg-
etable oils were compared with sunflower oil, which is rich in
the 18-carbon n-6 FA, linoleic acid (18:2n-6, LA) and poor in
n-3 FA.

MATERIALS AND METHODS

Animals. Six-week-old female Dark Agouti rats were obtained
from the Institute of Medical and Veterinary Science Animal
House. The study was approved by the Animal Ethics Commit-
tee of the Institute of Medical and Veterinary Science. Rats (4 per
group) were provided with chow and water ad libitum. The diets
were prepared by addition of various oils to previously described
fat-free rat chow to achieve 5% w/w fat (9). The oils and their
sources were: sunflower (Sunbeam, FloraFoods, Sydney, Aus-
tralia), canola (Gold’n Canola, Meadow Lea Ltd., Sydney, Aus-
tralia), echium (Grow Omega, Bridgewater, SA, Australia), and
flaxseed (Melrose Laboratories, Mitcham, Victoria, Australia).
The FA compositions of the oils are detailed in Table 1. There
was no statistically significant difference in weights between the
groups either at baseline or after the 4-wk dietary intervention.
The average baseline weight was 112.6 ± 4.5 g (mean ± SD) and
the average weight gain during the trial was 51 ± 3.3 g.

Procedures. After 4 wk of consumption of the test diets,
blood was obtained by cardiac puncture under fluothane anes-
thesia, and the heart was then removed. Plasma or diced heart
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was then subjected to lipid extraction in chloroform/methanol
(10). Cardiac FA are known to have reached steady state by 4
wk of dietary intervention in rats (11).

FA analysis. Phospholipids from all extracts were separated
from other lipid classes by TLC and transesterified by
methanolysis to form the FAME. These were separated and
quantified by GLC as described (10).

RESULTS

Dietary FA. This study used four vegetable oils containing 18-
carbon n-3 FA. Sunflower oil contained little measurable ALA,
canola had a low content of ALA, and echium and flaxseed had
increasingly higher amounts. In addition, echium oil contained
12.5% SDA (Table 1). Canola, echium, and flaxseed oils all
had similar amounts of LA, and these were much lower than
the LA content of sunflower oil (Table 1).

LC n-3 FA in the heart and plasma phospholipids. The rela-
tive potencies of the three n-3-containing vegetable oils in rais-
ing cardiac EPA was flaxseed > echium > canola > sunflower,
which reflected the rank order of their ALA content (Fig. 1).
For elevation of cardiac docosapentaenoic acid (22:5n-3;
DPA), the echium and flaxseed diets were similar to each other
and both were approximately twice as effective as canola oil
(Fig. 1).

Regardless of diet, DHA was the major n-3 PUFA in the
heart. Importantly, the DHA level achieved with the canola diet
(15.5% total FA) was significantly greater than that achieved
with the echium (12.7%) and flaxseed (12.3%) diets even
though echium and flaxseed had ALA contents 3.6- and 5.8-
fold greater than that of canola (Fig. 1, Table 1). In addition,
echium contained SDA.

The relative efficacy of each of the n-3-containing vegetable
oils in elevating plasma phospholipid LC n-3 FA was the same
as that for the cardiac FA. Of the three n-3-containing vegetable
oils, canola oil was the least effective for elevating EPA and
DPA but the most effective for elevating DHA (Fig. 1).

n-6 FA in the heart and plasma phospholipids.  In both the

heart and plasma phospholipids, AA and the total n-6 FA were
highest in the sunflower oil group and lowest in the flaxseed oil
group (Table 2).

DISCUSSION

A central purpose of this study was to examine the relative ef-
ficacy of vegetable oils containing differing amounts of ALA
and SDA in elevating cardiac LC n-3 PUFA. This is considered
relevant because of the known cardioprotective benefits of fish
oil that contains LC n-3 PUFA, particularly DHA (1). One of
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TABLE 1 
FA Composition of Test Diets

FA Sunflower Canola Echium Flaxseed

% of total FA

16:0 5.7 4.1 7.0 5.5
18:0 4.2 1.9 3.1 4.2
Total saturates 11.3 7.3 10.4 10.3
18:1n-9 31.6 57.9 13.9 16.1
Total monounsaturates 32.6 63.1 16.0 17.1
18:2n-6 (linoleic acid) 55.6 19.6 15.5 15.9
18:3n-6 (γ-linolenic acid) <0.1 0.1 10.0 <0.1
Total n-6 55.6 19.8 25.6 16.0
18:3n-3 (α-linolenic acid) 0.4 9.7 35.4 56.5
18:4n-3 (stearidonic acid) <0.1 <0.1 12.5 <0.1
20:5n-3 (EPA) <0.1 <0.1 <0.1 <0.1
22:5n-3 (docosapentaenoic acid) <0.1 <0.1 <0.1 <0.1
22:6n-3 (DHA) <0.1 <0.1 <0.1 <0.1
Total n-3 0.4 9.7 48.0 56.6

FIG. 1. Effect of vegetable oil diets on long-chain n-3 FA content of heart
and plasma phopholipids. Bars and vertical lines represent means + SD.
For each FA, bars with different letters are significantly different from
each other (P < 0.05; ANOVA followed by Newman–Keuls multiple
comparison test). DPA, docosapentaenoic acid.



the most striking cardioprotective effects of fish oil is that for
sudden death as reported in the GISSI Prevenzione trial (12).
The possibility that the benefit of fish oil is due to a direct an-
tiarrhythmic effect of cardiac LC n-3 PUFA elevated by dietary
intervention is supported by antiarrhythmic effects of dietary
n-3 FA observed in rats and marmosets (13,14).

The relative potencies of the vegetable oils in elevating EPA
appear to be proportional to their ALA contents. Because
echium also contains 12.5% SDA, a FA that in purified form
was fourfold more effective than ALA at elevating tissue EPA
in human volunteers (8), it might be expected that echium oil
would be at least as effective as flaxseed oil in elevating EPA.
This was not the case. It is possible that the 10% γ-linolenic
acid (GLA, 18:3n-6) contained in echium oil competed with
SDA for enzymic metabolism to EPA. However, if this were
the case for EPA, it was not reflected in cardiac DPA levels
where echium had a comparable effect to flaxseed oil and both
were superior to canola oil. The equivalent effects of echium
and flaxseed oils in elevating cardiac DPA levels, despite
echium having lower levels of ALA than flaxseed oil, suggest
that the SDA contained in echium contributed to the elevation
in cardiac DPA.

In each of the dietary groups, myocardial content of DHA
was higher than that of DPA and EPA. Preferential accumula-
tion of cardiac DHA in rats has been reported previously (15).
However, the finding that canola oil was superior to flaxseed
and echium oil in raising cardiac DHA levels appears surpris-
ing since canola oil has a much lower content of ALA and SDA
than either flaxseed or echium oils. It has been reported that
DHA levels in piglet plasma, red blood cells, liver, and brain
had a bimodal relationship with dietary ALA. In fact, tissue

DHA increased as ALA intake decreased to a certain level (5).
The authors attributed this phenomenon to decreased competi-
tion from ALA for 24:5n-3 metabolism by ∆6 desaturase to
DHA (5) (Fig. 2). The results of the present study provide sup-
port for this proposition. LA also is a substrate for the ∆6 de-
saturase. However, it is unlikely to be a confounder of the pro-
posed ALA/24:5n-3 competition for the ∆6 desaturase because
the three n-3-containing vegetable oils had similar LA contents,
with canola having the highest value (Table 1).

The observed effect of the canola diet in raising cardiac
DHA is noteworthy since DHA is regarded as the key n-3 FA
for cardiomyocyte membrane stability (15). These data are per-
tinent to the findings of the Lyon Diet Heart Study in which
canola-based products were used in the treatment group, along
with advice on other dietary changes. The comparator group
received the standard advice from their doctor, which was pre-
sumed to follow the American Heart Association prudent diet.
The dietary intervention in the Lyon Diet Heart Study showed
a protective effect against cardiac death to an extent leading to
premature termination for the trial after the planned interim
analysis (16). The only plasma FA associated with the positive
outcome was ALA (17). The results of the present study sug-
gest that the ALA intake from canola oil use may have been
very effective in elevating cardiac DHA content in the Lyon
Diet Heart Study. This adds considerably to the debate on
whether fish oil n-3 fats should be the first-line or only recom-
mended source of n-3 FA for prevention of heart disease (6,7).

Overall, this study provides a basis for the use of ALA-con-
taining oils in human diets for cardioprotection. Echium may
prove to be a useful oil for elevating EPA and DPA and for pro-
viding GLA. This may be especially useful for anti-inflammatory
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TABLE 2 
Heart and Plasma Phospholipid n-6 FA Content

FA Sunflower Canola Echium Flaxseed

% of total FAa

20:4n-6 (arachidonic acid) Heart 23.9 ± 1.0a 20.3 ± 0.6b 21.0 ± 0.8b 15.3 ± 0.6c

Plasma 23.8 ± 0.8a 15.9 ± 0.9b 17.5 ± 0.6c 8.8 ± 1.3d

Total n-6 Heart 47.8 ± 1.1a 35.9 ± 1.2b 34.3 ± 1.1b,c 33.0 ± 1.7c

Plasma 38.2 ± 1.1a 28.0 ± 1.4b 28.6 ± 0.4b 23.9 ± 1.9c

aWithin each row, different letters indicate statistically significant difference from each other
(P < 0.05, ANOVA followed by Newman–Keuls multiple comparison test).

FIG. 2. Scheme illustrating the potential for α-linolenic acid (ALA) to influence DHA formation
in two ways; one as a progenitor and one as a competitor (adapted from Ref. 5). SDA, stearidonic
acid; for other abbreviation see Figure 1.



applications. Whereas all three oils increased cardiac DHA con-
tent and therefore may provide protection against cardiac death in
at-risk populations, canola oil was the most effective in elevating
DHA. Thus, these oils may provide useful alternatives and/or ad-
juncts to fish in elevating tissue LC n-3 PUFA for various health
benefits.
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ABSTRACT: The influence of cytoskeleton integrity on the me-
tabolism of saturated and unsaturated FA was studied in surface
cultures and cell suspensions of human Hep G2 hepatoma cells.
We found that colchicine (COL), nocodazol, and vinblastin pro-
duced a significant inhibition in the incorporation of labeled sat-
urated FA, whereas incorporation of the unsaturated FA remained
unaltered. These microtubule-disrupting drugs also diminished
∆9-, ∆5-, and ∆6-desaturase capacities. The effects produced by
COL were dose (0–50 µM) and time (0–300 min) dependent, and
were antagonized by stabilizing agents (phalloidin and DMSO).
Dihydrocytochalasin B (20 µM) was tested as a microfilament-
disrupting drug and produced no changes in either the incorpo-
ration of [14C]FA or the desaturase conversion of the substrates.
We hypothesized that the interactions between cytoskeleton and
membrane proteins such as FA desaturases may explain the func-
tional organization, facilitating both substrate channeling and reg-
ulation of unsaturated FA biosynthesis.

Paper no. L9767 in Lipids 40, 999–1006 (October 2005).

The specialized functions of differentiated mammalian cells re-
quire the utilization of FA. These FA, particularly PUFA from
the linoleic and α-linolenic families, are essential structural
components of the membranes that determine their physical
and chemical characteristics (1–4). Within the cells, the endo-
plasmic reticulum membrane is the site of residence of the
elongating FA enzymes and the ∆9-, ∆6-, and ∆5-desaturases
(5) that evoke monounsaturated FA biosynthesis and polyun-
saturation, on which the structure and fluidity of the mem-
branes depend. Moreover, PUFA and their CoA derivatives ei-
ther directly or indirectly regulate the activity of many cellular
processes, including membrane receptors, enzymes, ion chan-
nels, cell differentiation, cellular development, and gene ex-
pression (6–9), and by means of their metabolites, they also

serve as intracellular signaling molecules (10–12). Because of
these crucial functional roles, it is important to understand the
mechanism(s) in which cells are involved in the selective in-
corporation and conversion of FA.

Cellular uptake of FA may be a multistep process that in-
volves a variety of membrane-associated events (13–19). On
the other hand, reorganization of the cytoskeleton in response
to intra- or extracellular stimuli has been recognized as critical
to a variety of biological effects. However, little information is
available concerning the relationship between the cellular me-
tabolism of FA and the integrity of the cytoskeleton. In this re-
gard, several recent investigations have described the role that
phospholipids may play in the organization of the cytoskeletal
network (20,21); however, much less attention has been given
to the influence of cytoskeleton integrity on FA metabolism.
Taking these considerations into account, we studied the influ-
ence of cytoskeleton integrity on the metabolism (elonga-
tion–desaturation) of saturated and unsaturated FA in a human
hepatoblastoma cell line under controlled incubation condi-
tions.

MATERIALS AND METHODS

Chemicals. [1-14C]FA [palmitic, stearic, linoleic, α-linolenic,
and dihomo-γ-linolenic (DGLA) acids, 98–99% pure, 50–60
mCi/mmol] were obtained from Amersham Biosciences
(Buckinghamshire, United Kingdom). Colchicine (COL) [ring
C, methoxy-3H] (87 mCi/mmol) was from NEN Research
Products (DuPont, Boston, MA). Unlabeled FA were provided
by Nu-Chek-Prep (Elysian, MN). All acids were stored in ben-
zene under a nitrogen atmosphere at −20°C. The concentrations
and purities were routinely checked by both gas–liquid ra-
diochromatography and liquid-scintilliation counting. Mass de-
terminations were performed by GLC of FAME prepared in the
presence of internal standards. FAME mixtures, HEPES, delip-
idated serum albumin (BSA; fraction V from bovine), mini-
mum essential Eagle’s medium (MEM) with Earle’s salts, L-
glutamine, unlabeled COL, β-lumicolchicine, vinblastin (sul-
fate) (VBS), nocodazole (methyl-(5-[2-thienylcarbony]-1-H-
benzimidazole-2-yl)-carbamate) (NCD), dihydrocytochalasin-
B (DHCB), DMSO, phalloidin (from Amanita phalloides;
PHAL), FBS, Earle’s balanced salts, and improved MEM-zinc
option (IMEM-Zo) were from Sigma Chemical Co. (St. Louis,
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MO). All solvents were of HPLC grade and were provided by
Carlo Erba (Milano, Italy).

Cell culture and general experimental procedure with la-
beled FA. Hep G2 hepatoblastoma cells were grown in surface
cultures using 70-cm2 flasks at 37°C with 20 mL MEM sup-
plemented with 10% (vol/vol) FBS, 0.30 g/L glutamine, and
25 mM HEPES. One type of experiment was performed using
Hep G2 cells in surface cultures. When the cells were at the
logarithmic phase of growth (approx. 72 h after seeding), the
culture medium was replaced by IMEM-Zo minus linoleic acid
and containing HEPES (25 mM final concentration). After a
short period of adaptation (incubation for 30 min at 37°C under
slow agitation in a metabolic incubator), considered arbitrarily
as “zero time,” the medium was aspirated and replaced by fresh
medium at 37°C supplemented with [1-14C]palmitate, [1-
14C]stearate, [1-14C]linoleate, [1-14C]α-linolenate, or [1-
14C]DGLA (1 µM final concentration). FA were added as
sodium salt bound to delipidated albumin (0.33 µM final con-
centration) according to Spector et al. (22) and treated, or not,
with different cytoskeletal-disrupting drugs as described in the
following section. The incubation was stopped at different
times (0 to 300 min) following the method of Samuel et al.
(23). After separation of the incubation medium (5 min in the
cold at 2000 × g), the cells were washed twice with 5 mL of
cold Earle’s balanced salt solution (pH 7.40) containing 0.5%
BSA. An aliquot of each cellular suspension was taken for pro-
tein measurements following the method of Lowry et al. (24).
Control flasks were supplemented with defatted BSA at the
same concentration used in the experimental flasks. Radioac-
tivity recovered from the last wash routinely represented less
than 6% of the total radioactivity remaining bound to the cells
(radioactivity incorporated). Other incubations were done in
suspended Hep G2 cells. The cells were mechanically detached
using a conventional sterile procedure and suspended (5 × 106

cells/25-mL siliconized flask) in IMEM-Zo (5 mL final vol-
ume) following a method described previously (25). The cells
were supplemented with BSA-complexed FA and/or cytoskele-
tal-modifying drugs, as mentioned.

Incubations with cytoskeletal-disrupting agents. To study
the effect of cytoskeleton integrity on the incorporation and
conversion of labeled [1-14C]FA, surface cultures of Hep G2
cells at the logarithmic phase of growth were treated with ei-
ther COL (10 µM) or DHCB (20 µM), which was added at zero
time. After a day, the medium was changed to fresh medium
supplemented with the same drug together with labeled BSA-
complexed FA at a 1-µM final concentration. The surface cul-
tures were incubated for another 16 h, then processed for lipid
analyses as already described. Other experiments were per-
formed with suspensions of Hep G2 cells (5 × 106 cells/5 mL
of IMEM-Zo) that were treated with microtubule-depolymer-
izing (inhibitors of the microtubule-tubulin assembly) or mi-
crofilament-disrupting agents using the following experimental
approaches. In one set of experiments, COL (10 µM) was
added at zero time together with either [1-14C]palmitate (1 µM)
or [1-14C]DGLA (1 µM). After different periods of incubation
(0 to 300 min), samples were taken and analyzed for incorpo-

ration and metabolic conversion of the labeled FA. Other incu-
bations were done by adding COL (10 µM) at zero time and
supplementing the media 5 h later with 1 µM [1-14C]FA
(palmitate or DGLA). Simultaneous incubation with COL and
FA was prolonged for another hour, and the incorporation and
metabolic conversion of [14C]FA were then studied. This
scheme was also used to study the effect of VBS (50 µM) or
NCD (50 µM) as a microtubule-disrupting drug, DMSO (50
mM) as a microtubule-stabilizing agent, PHAL (1 µM) as an
actin-stabilizing drug, DHCB (20 µM) as a microfilament
(actin)-disrupting drug, and β-lumicolchicine (10 µM) as an in-
active isomer of COL. Some of the agents mentioned were also
used in competition experiments in which the first drug with a
stabilizing effect (DMSO 50 mM) was added at zero time, and
after 60 min the second drug with microtubule-disrupting ac-
tivity (COL, 10 µM; VBS, 50 µM; or NCD, 50 µM) was added.
The incubations were continued in the presence of both types
of drugs for 5 h, and the [1-14C]FA (palmitate or DGLA) was
then added at a 1 µM concentration and incubated for another
60 min.

Lipid analyses. Washed cell pellets (5 min at 2,000 × g)
from either surface cultures or suspended cells were immedi-
ately treated with 4 mL of Folch reagent (26) and shaken vig-
orously. The resulting emulsions were transferred to ice-cold
tubes and processed to obtain cellular lipid extracts (27). After
dissolving the lipid residues in an exact volume of 2 mL Folch
reagent, the appropriate aliquots (20–100 µL) were transferred
directly into scintillation vials containing 10 mL of AQS II®

Scintillation Cocktail from Amersham Pharmacia Biotech
(Buckinghamshire, United Kingdom) for radioactivity mea-
surements. A Beckman LS-5801 liquid scintillation counter
with 95% efficiency for 14C was used. Differences in the incor-
poration of 14C values of flasks from the same experimental
group did not exceed 6%. Aliquots of the lipid extracts were
methylated with BF3/MeOH according to the method of Mor-
rison and Smith (28). To determine the metabolic elonga-
tion–desaturation of the FA incubated, the distribution of ra-
dioactivity among the obtained FAME was analyzed using a
radiochromatograph (Varian Star 3400 CX) in tandem with a
proportional gas detector (GC-Ram; Inus System Inc.), follow-
ing the method described in a previous paper (29).

Other analytical procedures. Cell viability (>96%) was as-
sessed by the exclusion tests of trypan blue (30) or erythrosine
B (31). To quantify the amount of polymerized and depolymer-
ized forms of tubulin in Hep G2 cells under different incuba-
tion conditions, the radiochemical method of Pipeleers et al.
(32) was performed with the modifications described by Rajan
and Menon (33). Cellular protein was measured by the method
of Lowry et al. (24).

Software and calculations. Data are reported as the mean and
SEM calculated from four independent analyses. Systat software
(version 8.0 for Windows; SPSS Science, Chicago, IL) was used
for statistical studies (correlation coefficients for nonlinear curve
fitting, linear regressions, Student’s t-test, and ANOVA). Data
were also plotted and analyzed using Sigma Scientific Graphing
Software (version 8.0) from Sigma Chemical Co.
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RESULTS

Cytoskeleton integrity and cell viability. The experimental con-
ditions provoked significant alterations in cytoskeleton in-
tegrity (Table 1). COL (10 µM), VBS (50 µM), and NCD (50
µM) produced increases of 660, 680, and 627%, respectively,
in the content of free tubulin compared with control cells. The
amount of polymerized tubulin in COL-, VBS-, or NCD-
treated Hep G2 cells was concomitantly reduced, whereas the
total tubulin was increased in the three treatments by 18, 31,
and 16% compared with control cells, although only in the case
of VBS-treated cells was the increase statistically significant.
DMSO (50 mM) increased the content of polymerized tubulin
by 41%, whereas PHAL (1 µM) or DHCB (20 µM) produced
no significant change in the amount of free or polymerized
tubulin. None of the drugs assayed produced significant modi-
fications in cell viability as judged by the criterion of the try-
pan blue or erythrosine B exclusion test (data not shown).

Incorporation and conversion of labeled FA and cytoskele-
ton integrity. The effect of cytoskeletal-disrupting agents on
the incorporation and metabolic conversion of [14C]FA was
studied in surface (Tables 2, 3) and suspension (Table 4) cul-
tures of Hep G2 cells. The amount of [14C]FA incorporated by
cultured Hep G2 cells after a 16-h period of incubation with 1
µM FA was equivalent to that incorporated after a 5-h period
of incubation in suspension experiments. This fact may be as-
cribed to differences in both the surface of the membrane ex-

posed to the incubation medium and to the diffusional charac-
teristics of the experimental models. In surface Hep G2 cul-
tures, the COL, VBS, or NCD treatment produced decreases of
34 to 40% in the incorporation of 14C from saturated FA,
whereas the labeling in cells incubated with unsaturated FA re-
mained unchanged compared with control experiments (data
not shown). DHCB did not modify the cellular-associated la-
beling of any of the FA studied. Saturated FA (palmitate and
stearate) were transformed into the corresponding mono-
enoates (∆9-desaturase activities) with a high efficiency of con-
version (19.8 and 28.6% of palmitoleate and oleate, respec-
tively) (Table 2). The COL, VBS, or NCD treatments produced
a significant reduction in the formation of both monoenoates
(–33 to −49% change compared with control incubations),
whereas perturbation of the microfilament assembly by incu-
bating the cells with DHCB produced no significant changes
(Table 2). The other FA desaturase activities were also affected
by microtubule depolymerization (Table 3). The conversion of
linoleate to γ-linolenate and the formation of 18:4n-3 at the ex-
pense of α-linolenate (∆6-desaturase activities) were reduced
by COL, VBS, or NCD treatments, as suggested by the in-
creases observed in the elongation routes that yielded C-20 and
C-22 metabolites generated from these precursors (20:2n-6
plus 22:2n-6, and 20:3n-3 plus 22:3n-3, respectively). A sub-
stantial decrease in the formation of higher n-3 metabolites of
the desaturation pathway (20:5n-3 and 22:5n-3) was also no-
ticeable. Production of arachidonate (∆5-desaturase activity)
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TABLE 1
Content of Free and Polymerized Tubulin in Hep G2 Cells
Treated with Cytoskeleton-Disrupting or -Stabilizing Agentsa

pmol tubulin/106 cells

Enzyme Free Polymerized Total

Control 15 ± 2 59 ± 3 74 ± 5
Colchicine (10 µM) 99 ± 4* Trace* 99 ± 4
Vinblastin (50 µM) 102 ± 6* 8 ± 1* 110 ± 7*
Nocodazol (50 µM) 94 ± 5* 3 ± 0.4* 97 ± 6
DMSO (50 mM) 4 ± 1* 83 ± 5* 87 ± 7
Dihydrocytochalasin B (20 µM) 18 ± 3 54 ± 4 72 ± 6
Phalloidin (1 µM) 10 ± 2 61 ± 7 71 ± 5
aFree and polymerized tubulins were determined radiochemically as described in the Materials and
Methods section. Suspensions of Hep G2 cells were incubated for 6 h with the drugs indicated. Re-
sults are expressed as pmol tubulin/106 cells and are the mean ± 1 SEM of four independent assays.
*Significantly different from control data; P < 0.01. “Trace” means <1%.

TABLE 2
Metabolic Conversion of Saturated [1-14C]FA in Surface Cultures of Hep G2 Cells Treated with Cytoskeleton-Disrupting Agentsa

[1-14C]Palmitate [1-14C]Stearate

Labeled metabolites C COL VBS NCD DHCB C COL VBS NCD DHCB

16:0 56.4 ± 2.7 72.8 ± 3.4* 74.5 ± 3.0* 75.1 ± 2.6* 58.2 ± 1.8 3.0 ± 0.2 2.9 ± 0.2 3.1 ± 0.3 2.7 ± 0.2 3.5 ± 0.2
16:1 19.8 ± 1.1 10.1 ± 0.8* 10.4 ± 0.9* 7.7 ± 0.6* 16.5 ± 1.0 Trace Trace 0.1 ± 0.02 Trace 0.2 ± 0.0
18:0 18.5 ± 2.7 14.9 ± 3.4 13.0 ± 2.8* 15.5 ± 3.0* 19.2 ± 1.6 68.4 ± 3.4 77.6 ± 2.7* 79.2 ± 2.9* 78.6 ± 2.8* 68.3 ± 3.1
18:1 5.3 ± 1.1 2.2 ± 0.5* 2.1 ± 0.3* 1.7 ± 0.4* 6.1 ± 0.8 28.6 ± 2.0 19.5 ± 1.4* 17.6 ± 2.0* 18.7 ± 1.5* 28.0 ± 2.3
aSurface cultures of Hep G2 cells were incubated (24 h) in the presence of colchicine (COL) (10 µM), vinblastin (sulfate) (VBS) (50 µM), nocodazole (NCD) (50
µM), or dihydrocytochalasin B (DHCB) (20 µM). [14C]FA (1 µM concentration) complexed to delipidated BSA (1:3 BSA/FA; 0.33 µM final concentration of BSA)
were added and the incorporation was continued for another 16 h. Control bottles (C) received only complexed FA. Results are expressed as the percentage con-
version of the corresponding substrate and are the mean of four independent incubations ± 1 SEM. *Significantly different with respect to C; P < 0.01.



from its direct precursor (DGLA) under microtubule-disrupt-
ing conditions (COL, VBS, or NCD) decreased by 36 to 39%
compared with control incubations (Table 3). Again, no signif-
icant changes were observed in the conversion of either n-3 or
n-6 substrates under DHCB treatment (Table 3). Suspensions
of Hep G2 cells reacted in a similar way, as did surface cultures
under COL, VBS, NCD, or DHCB treatments (Table 4). Mi-
crotubule-disrupting drugs such as COL (10 µM), VBS (50
µM), or NCD (50 µM) produced 43, 47, and 39% reductions,
respectively, in the cellular-associated labeling from palmitate
compared with control incubations. Under equivalent incuba-
tion conditions, the 14C incorporation from DGLA was not sig-
nificantly affected (Table 4). The addition of either the micro-
filament-disrupting agent DHCB or the microtubule-stabilizing
drug DMSO (50 µM) to Hep G2 suspensions produced no sig-
nificant changes in the incorporation of labeled palmitate or
DGLA (Table 4). The ∆9-desaturase capacity was reduced by
41, 43, and 33% under COL, VBS, or NCD treatment, respec-
tively. ∆5-Desaturase activity decreased by 30 to 35% under
similar experimental conditions (Table 4). The other drugs
tested (DHCB and DMSO) were unable to modify the conver-
sion of the substrates.

To study whether the effects observed under microtubule-
depolymerizing conditions may be attributed to any other (un-
known) mechanism of action, we carried out competition exper-
iments between disrupting and stabilizing agents (Table 4). In
these experiments, the depolymerizing activities of COL, VBS,
or NCD were antagonized with the stabilizing agent (DMSO)
added to the incubation medium before the disrupting drug. Re-
sults indicated that the inhibitory action of COL, VBS, or NCD
on both the incorporation of 14C and the conversion of palmitate
to palmitoleate was completely neutralized when the micro-
tubule system had previously been stabilized. A similar conclu-
sion was obtained for the inhibitory effect of disrupting agents
on the conversion of DGLA (Table 4). Moreover, treatment of
the cells with an inactive isomer of COL (β-lumicolchicine, 10
µM) showed no effect either in the retention of labeling or in the
conversion of palmitic or DGLA acids (Table 4).

Time-course and dose-response curves for the effect of COL
on [14C] FA incorporation and conversion. The concentration
of COL used in the preceding experiments could be insufficient
to produce the maximum inhibitory response on both the in-
corporation of [14C]FA and the conversion of palmitate. In ad-
dition, this concentration may not be high enough to develop a
noticeable effect on [14C]DGLA incorporation. For these rea-
sons, we studied the biological effect–inhibition of the cellular-
associated labeling and conversion of FA under increasing
COL concentrations, maintaining the incubation time constant
at 5 h (Fig. 1). COL was able to decrease the conversion of both
palmitate and DGLA in a dose-dependent manner. It produced
a significant effect at a concentration as low as 2 µM. The max-
imum effect was observed at a 10-µM concentration. Incorpo-
ration of [14C]palmitate was inhibited by approximately 20%
at 2 µM, whereas [14C]DGLA incorporation remained approx-
imately constant within the range of concentrations studied
(0–50 µM). The time course of the effects of COL (10 µM) on
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the 14C incorporation and conversion of palmitate and DGLA
are given in Figures 2A and 2C. The depolymerization of mi-
crotubules produced a significant inhibition in the incorpora-
tion of palmitate (Fig. 2A) after 90 min of incubation, whereas
the conversion to palmitoleate (Fig. 2C) was decreased after
only 30 min of incubation. Similar experiments performed with
DHCB (20 µM) (Figs. 2B, 2D) did not demonstrate any signif-
icant change in the incorporation of labeling or conversion of
palmitate within the time studied (0–300 min). Incorporation
of [14C]DGLA was not affected by COL (Fig. 2A) or DHCB
(Fig. 2B) treatments, whereas the production of arachidonate
was significantly depressed after 90 min of COL treatment
(Fig. 2C). DHCB showed no inhibitory effect on the ∆5-desat-
urase capacity (Fig. 2C).

DISCUSSION

Involvement of the cytoskeleton in the transmembrane trans-
port of lipids has been studied using microscopic, biochemical,
and radiochemical methods. These experimental studies were
focused on the transepithelial transport of lipoproteins (33–37)
rather than on the uptake and subsequent conversion of FA. In
this paper we demonstrated that depolymerization of the mi-
crotubular system reduced the cellular-associated 14C labeling
of saturated FA (palmitate and stearate) in both surface cultures
and suspended Hep G2 cells. This inhibitory effect was time
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TABLE 4
Uptake and Conversion of [14C]FA in Suspensions of Hep G2 Cells Treated with Cytoskeleton-Modifying Drugsa

14C incorporation Conversion

Treatment [1-14C]16:0 [1-14C]DGLA [1-14C]16:0 to 16:1 [1-14C]DGLA to 20:4n-6

Control 334 ± 11 304 ± 15 47 ± 3 77 ± 4
Colchicine (10 µM) 195 ± 12* 275 ± 13 28 ± 4* 53 ± 6*
Vinblastin (50 µM) 182 ± 13* 315 ± 10 27 ± 5* 51 ± 7*
Nocodazole  (50 µM) 203 ± 10* 282 ± 17 31 ± 4* 50 ± 5*
Dihydrocytochalasine B (20 µM) 293 ± 16 334 ± 11 55 ± 5 80 ± 5
DMSO (50 mM) 365 ± 11 313 ± 12 53 ± 4 80 ± 7
DMSO → colchicine 243 ± 13 281 ± 7 36 ± 5 65 ± 5
DMSO → vinblastin 233 ± 14 296 ± 10 37 ± 3 66 ± 6
DMSO → nocodazole 308 ± 9 299 ± 7 38 ± 5 71 ± 6
β-Lumicolchicine (10 µM) 347 ± 14 283 ± 12 46 ± 4 79 ± 5
aSuspensions of Hep G2 cells [5 · 106 cells/5 mL of improved minimal essential medium-zinc option (IMEM-Zo)] were incubated for 5 h with the agents indi-
cated, then supplemented with the [14C]FA complexed with BSA for another hour. In competition experiments, DMSO was added at zero time, and the sec-
ond drug was added 60 min later. The incubation proceeded for 5 h and was then supplemented with the radioactive acid as indicated for the single-drug
experiments. Incorporation of [14C]FA and their conversion was performed as indicated in the text. Results are expressed as pmol/mg cellular protein and are
the mean ± 1 SEM of five independent incubations. *Significantly different with respect to control flasks; P < 0.01.

FIG. 1. Dose-response curve for the 14C incorporation (l,t) and con-
version (ll,tt) of [1-14C]palmitate (triangles) or [1-14C]dihomo-γ-lino-
lenic acid (DGLA) (circles) in suspensions of Hep G2 cells treated with
colchicine (0–50 µM). Results were expressed as the percentage change
with respect to the corresponding control incubations and are the mean
of four independent assays ± 1 SEM. Control values were 292 ± 9 and
286 ± 11 pmol of [14C]FA incorporated/mg of cellular protein for
[14C]palmitate and [14C]DGLA, respectively; 46 ± 3 and 78 ± 5 pmol of
FA converted/mg of cellular protein for [14C]palmitate and [14C]DGLA,
respectively. *Significantly different from the corresponding control
data; P < 0.01.

FIG. 2. Time course of 14C incorporation (A, B) and conversion (C, D)
of [1-14C]palmitate (t,tt) or [1-14C]DGLA (l,ll) in suspensions of Hep
G2 cells treated with cytoskeleton-modifying agents. Filled symbols,
control incubations; open symbols, colchicine (COL) (10 µM)-treated
cells (A, C) or dihydrocytochalasin B (DHCB) (20 µM)-treated cells (B,
D). Results are the mean ± 1 SEM of four independent incubations. *Sig-
nificantly different from the corresponding control assay; P < 0.01.

 



and dose dependent, and was specific to microtubular-disrupt-
ing drugs, since microfilament perturbation had no significant
effects. Interestingly, the cell-associated labeling from unsatu-
rated FA was independent of the microtubular and/or microfil-
amental state. Other authors (31) have demonstrated that cer-
tain aspects of lipid metabolism may be disturbed by the state
of polymerization of one of the two major components (micro-
tubules or microfilaments) of the cytoskeletal structure. This
fact suggests a specific regulatory effect exerted by cytoskele-
ton integrity on the FA metabolism. In a previous work using
L6 myoblastoma cells in culture, we demonstrated that the up-
take of FA is a complex mechanism that can distinguish be-
tween saturated and unsaturated FA, and that it depends on one
(or more) protein structures present in the plasma membrane.
The uptake could be studied by analyzing the overall process
as the sum of facilitated (modified hyperbolic) and unsaturable
(linear) submechanisms (18). Previous experimental evidence
has shown a relationship between the cytoskeleton and mem-
brane proteins that are responsible for the uptake of different
types of substrates, such as amino acids (38,39), neurotrans-
mitters (40), or cations (41,42). Moreover, COL was used to
differentiate the membrane transport systems involved in thy-
roid hormone uptake (43), which in fact, have very similar
chemical structures. In our experimental conditions, we mea-
sured the metabolic handling of the FA studied rather than their
rates of uptake. Despite the fact that there is some experimen-
tal evidence regarding the role of microtubules in membrane
structure and functions (44) and that the cortical cytoskeleton
modifies lipid rafts and several membrane transport processes
(45–50), we assumed that the differences observed in the in-
corporation of labeling from saturated and unsaturated FA
could be the consequence of a metabolic perturbation rather
than an alteration in the transmembrane process of FA perme-
ation. 

In conclusion, we assumed that the depolymerization of mi-
crotubules differentially inhibited FA utilization, directly af-
fecting one or more proteins involved in their intracellular
transport and utilization. In fact, the metabolism of the FA must
be the force that drives additional quantities of FA into the cell
from the large reserve on the FA/BSA complex. One of the pro-
teins involved in the intracellular transport may be of the FABP
family (51) and among the acyl-CoA-synthetases, the first type
of enzymes involved in FA utilization. From a physiological
point of view, the cellular availability of saturated FA could be
related to the different roles this type of FA plays in metabolic
regulation. Recent investigations have demonstrated that cy-
toskeletal and related genes are controlled by unsaturated FA
(mainly arachidonate, which is derived from DGLA by ∆5-
desaturation), whereas saturated and monounsaturated FA do
not markedly affect gene expression for the cytoskeleton pro-
tein family (52). As we demonstrated, microtubule disruption
produced an inhibition in the ∆5-desaturase capacity that may
have led to a decrease in the availability of arachidonate. Sup-
pression of the arachidonate signal by a simultaneous inhibi-
tion of ∆5 activity and the uptake of its direct precursor could
then have resulted in a complete failure of cytoskeleton in-

tegrity, whereas decreased levels of saturated and monoenoic
FA could be harmless for normal cell physiology. Another ex-
planation, by the differential impact of microtubule disruption
on saturated and unsaturated FA handling, may be related to
their different affinities for the acyl-CoA synthetase (ACS) iso-
forms. Saturated FA are mainly activated by plasma mem-
brane-associated ACS1, whereas PUFA are activated by ACS4.
Possibly, disruption of the microtubule structure modifies the
plasma membrane molecular architecture. As a result, ACS1
could be inhibited with no significant effect on ACS4, which
in turn, limits the transport and metabolic utilization of satu-
rated FA.

In relation to FA conversion, the metabolic elongation–
desaturation of FA is known to be one of the major factors reg-
ulating the quality and quantity of the acyl chains present in
complex lipid moieties. This study demonstrated that FA con-
version by oxidative desaturation is inhibited by cytoskeletal
disruption. Our findings are in agreement with those of Kasturi
et al. (53), who documented an inhibitory effect of COL on li-
pogenic enzymes such as FA synthetase and ∆9-desaturase.
This effect was attributed to the depolymerizing action of COL
since, as observed in our experiments, β-lumicolchicine was
completely inactive. In addition, we demonstrated that stabiliz-
ing the cytoskeletal structure before treatment with the disrupt-
ing agent completely antagonized the inhibitory effect ob-
served in both the incorporation of labeled FA and the desat-
urase conversion of the substrates. As suggested by others for
soluble or membrane-anchored enzymes (54), we think that ad-
sorption of enzymes (and other proteins) to the microtrabecu-
lar lattice formed by cytoskeletal components, and the interac-
tion between cytoskeletal and membrane proteins such as FA
desaturases, is a likely explanation for the functional organiza-
tion, facilitating both substrate channeling and metabolic regu-
lation. The role of motor proteins and cytoskeleton integrity in
metabolic regulation remains poorly understood (20,49). It is
also possible that the cytoskeleton could be essential in lipid
metabolism for maintaining certain enzyme activities within
their physiological ranges. Under conditions of microtubule or
microfilament disruption, the activities of these enzymes may
be modified, causing a significant alteration in the metabolism
of substrates and their derived metabolites that would be chan-
neled further. One of these putative proteins may be ACS1,
since its inhibition may reduce the availability of activated sub-
strates for ∆9- and ∆5-desaturases. However, this possibility
would not be in agreement with previous experimental evi-
dence pointing out that acylation of substrates is not the limit-
ing step for FA desaturation (55). In spite of that, inhibition of
the ACS1 isoform may be responsible for any other metabolic
alteration in FA handling, such as the proportion of fatty-acyl
derivatives available for transesterification. ACS activity also
could be influenced by ATP generation that is partially inhib-
ited by cytoskeletal disrupters. In this context, PUFA activate
mitochondrial β-oxidation and might compensate for the drug
effects, whereas saturated FA are unable to do so.

In conclusion, we demonstrated that microtubules are in-
volved in the processing of saturated and unsaturated FA, and
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in the subsequent metabolism of these precursors, causing al-
terations in the elongation–desaturation pathway. These effects
had differential characteristics depending on the degree of un-
saturation of the FA studied. The relationship between FA me-
tabolism and cytoskeleton integrity is relevant not only from a
physiological point of view (20,56), but also when considering
the increasing experimental evidence suggesting different roles
of such interaction in the etiology and/or evolution of human
illnesses, for example, Alzheimer’s disease (57,58), inflamma-
tory intestinal damage (59), and redox-associated injuries such
as toxic bile acid damage, chronic alcohol intake, and hypoxia-
reperfusion, among others (60).
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ABSTRACT: Infection with respiratory syncytial virus (RSV) re-
sults in substantial infant morbidity and has been associated with
the subsequent development of childhood asthma. Inflammatory
mediators produced by both the epithelium and tissue leukocytes
during RSV infection stimulate the release of chemotactic factors
by the respiratory epithelium and the subsequent influx of inflam-
matory cells, predominantly neutrophils. We investigated the pro-
duction of inflammatory mediators [prostaglandin E2 (PGE2), in-
terleukin (IL)-1β, tumor necrosis factor α] and chemokines [IL-8,
RANTES (regulation on activation, normal T cell expressed and
secreted)] by alveolar epithelial cells in response to RSV infec-
tion. Infection of a human alveolar epithelial transformed cell line
(A549 cells) with live RSV substantially increased production of
PGE2, IL-8, and RANTES. By altering cell membrane FA through
incorporation of the long-chain PUFA (LCPUFA) arachidonic
acid, EPA, and DHA, we were subsequently able to significantly
modulate PGE2 production by the infected epithelium. Because
of the dynamic nature of the effects of PGE2 on lung function, reg-
ulation of this prostaglandin during RSV infection by n-3 LCPUFA
has the potential to significantly alter the disease process.

Paper no. L9769 in Lipids 40, 1007–1011 (October 2005).

Respiratory syncytial virus (RSV) is the most common child-
hood respiratory pathogen infecting nearly all infants in the first
12–24 mon of life. Of those infected, a significant number re-
quire hospitalization because of bronchiolitis, and of these in-
fants, at least 50% will go on to develop childhood asthma
(1,2), making RSV infection one of the most important causal
factors for infant and child morbidity in the developed world.

The means by which RSV predisposes infants to the develop-
ment of asthma is unclear. However, the extensive damage
caused to the respiratory airways by the virus through acute in-
flammation is a probable causative factor. Initial exposure to
RSV in the airways induces the production of inflammatory me-

diators such as interleukin (IL) 1β and tumor necrosis factor
(TNF) α by alveolar macrophages and epithelial cells. This pro-
duction of inflammatory cytokines is exacerbated via upregula-
tion of chemotactic factors such as IL-8 and RANTES (regula-
tion on activation, normal T cell expressed and secreted) by the
respiratory epithelium, resulting in an influx of leukocytes into
the airways. These migratory leukocytes include a large popula-
tion of polymorphonuclear granulocytes, particularly neutrophils
and eosinophils (3,4). Degranulation of these cells leads to air-
way edema, sensory nerve stimulation, and triggering of reflex
bronchoconstriction, resulting in airway hyperresponsiveness
and persistent wheezing (5), as well as increased permeability of
the airway mucosa to allergens (6). The influx of activated in-
flammatory cells such as monocytes/macrophages and lympho-
cytes also contributes to a positive feedback of cytokine produc-
tion, further enhancing the secretion of both inflammatory and
chemotactic mediators by airway cells (7).

The role of prostaglandin production by the respiratory epi-
thelium in RSV-mediated bronchiolitis and the effects on the
subsequent development of asthma have not been investigated.
However, a significant increase in both prostaglandin E2 (PGE2)
and prostaglandin F2α production in response to RSV infection
in alveolar macrophages has been reported (8,9). Prostaglandins
play a substantial role in the regulation of lung function through
their complementary function in the dilation and constriction of
both the blood vessels and bronchioles (10) via neural pathways
and through direct effects on airway smooth muscle. In addition
to the role of PGE2 in the inflammatory mediator cascade, these
often contradictory effects on the primary structures of the lung
make the regulation of this prostaglandin a potentially important
aspect of RSV infection that requires elucidation.

This study investigated the production of inflammatory me-
diators (prostaglandin and cytokines) and chemokines by the
respiratory epithelium in response to infection by RSV. Pro-
duction of PGE2, IL-1β, TNF-α, IL-8, and RANTES in re-
sponse to infection with RSV was examined in vitro using a
human transformed alveolar epithelial cell line (A549).

EXPERIMENTAL PROCEDURES

Cell line. A549 cells were used throughout these experiments.
The cells were maintained in a continuous culture prior to each
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experiment. The culture medium (DMEM; JRH Biosciences,
Lenexa, KS) contained 2 mM L-glutamine, 50 U/mL penicillin,
37.5 U/mL streptomycin, and 5% heat-inactivated FBS (CSL
Biosciences, Victoria, Australia) unless otherwise indicated.
All media components were purchased presterilized and endo-
toxin free.

Virus propagation. The RSV used for this study was char-
acterized as the long strain of RSV (88:RS4; Dr. P. Young, Sir
Albert Sakzewski Virus Research Centre, Queensland, Aus-
tralia). The virus was grown in confluent monolayers of A549
cells for 24 h. The cells were then harvested using a sterile cell
scraper, centrifuged (890 × g, 5 min), aliquoted, and preserved
in liquid nitrogen. Prior to use, virus aliquots were sonicated at
20 kHz for 10 s (Ultrasonics W375 sonicator; Heat Systems,
Plainview, NY) to release the intracellular virus. The titer of
the stock virus measured between 1 and 3 × 108 fluorescent
focus units (ffu)/mL. Aliquots of this stock were rendered non-
infective by UV inactivation through exposure to an intense
UVC germicidal light source for 20 min at <10 cm distance,
after which they were aliquoted and stored in liquid-phase liq-
uid nitrogen. Uninfected A549 cells were also processed simi-
larly for use as a control for the A549 cell contribution to the
viral medium.

RSV infection of respiratory epithelial cells. A549 cells (4 ×
105 cells/mL) were cultured in 24-well cell culture plates
(Greiner Labortechnik GmbH, Frickenhausen, Germany). At
confluence (24 h), the supernatants were removed and cells
were cultured for 3 h with or without either live RSV at a mul-
tiplicity of infection (MOI) of 3, an equivalent aliquot of UV-
inactivated virus, or A549-conditioned medium, in 150 µL
DMEM (as above) supplemented with 2% FBS. The cells were
then washed with 1 mL/well serum-free DMEM to remove the
unbound virus before a final culture in 625 µL/well serum-free
DMEM. Aliquots of the cell culture supernatant were harvested
at 6, 24, and 48 h post infection and stored at −80oC.

Prostaglandin assay. Cell culture supernatants were assayed
for PGE2 by a competitive enzyme immunoassay (EIA) (Pros-
taglandin E2 EIA Kit–Monoclonal; Cayman Chemical Com-
pany, Ann Arbor, MI). Samples were diluted 1:10 in the EIA
buffer supplied according to the manufacturer’s instructions.

Cytokine assays. Cell culture supernatants were assayed for
IL-1β, TNF-α (Endogen, Woburn, MA), IL-8 (BD Pharmin-
gen, San Diego, CA), and RANTES (R&D Systems Inc., Min-
neapolis, MN) using a double-antibody sandwich ELISA as de-
scribed previously (11). The limits of detection for each ELISA
were 8, 10, 20, and 4 pg/mL, respectively. Samples were di-
luted 1:10 and 1:20 in PBS/0.05% Tween 20/1% BSA for the
measurement of IL-8 and RANTES, respectively.

RSV infection of long-chain PUFA (LCPUFA)-supple-
mented cells. A549 cells were cultured in the presence or ab-
sence of 10 µg/mL EPA (20:5n-3), arachidonic acid (AA,
20:4n-6), or DHA (22:6n-3) (Nu-Check-Prep Inc., Elysian,
MN) as FFA. At confluence (24 h), the supernatants were re-
moved, the cells were cultured with RSV, and the supernatants
were harvested as described above.

The incorporation of FFA was determined in separate tripli-

cate experiments whereby A549 cells were cultured in the pres-
ence or absence of 5–50 µg/mL EPA, AA, or DHA (Nu-Check-
Prep). Cellular lipids were extracted using the method de-
scribed by Broekhuyse (12). The phospholipid fraction was
separated via TLC, the lipids were transesterified, and the
FAME were separated and quantified as described previously
(13).

Statistical analysis. Data are presented as mean ± SEM. Dif-
ferences between virus and FA treatments, as well as culture
times, were examined using one-way ANOVA followed by a
Student–Newman–Keuls post hoc analysis. All analyses were
performed using SPSS for Windows, v. 10.0 (SPSS Inc.,
Chicago, IL).

RESULTS

RSV infection of A549 cells. A549 cells infected with live RSV
at an MOI of 3 showed visible cytopathic effects of viral repli-
cation by 48 h post infection. Wells incubated with UV-inacti-
vated virus, A549-conditioned medium, or medium alone
demonstrated none of these visible effects beyond 72 h post in-
fection, confirming their inability to infect the cells.

Production of PGE2 and cytokines in response to infection
with RSV. Infection with live RSV significantly increased the
production of PGE2, IL-8, and RANTES by A549 cells when
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FIG. 1. (A) Production of PGE2, IL-8, and RANTES by A549 cells in re-
sponse to incubation with live RSV, UV-inactivated RSV, A549-condi-
tioned medium, or medium alone at 48 h post infection. (B) Production
of PGE2, IL-8, and RANTES by A549 cells in response to incubation with
live RSV at 6, 24, and 48 h post infection. Results from three separate
experiments are expressed as mean ± SEM. Bars with different super-
scripts indicate significant differences (P < 0.05). PGE2, prostaglandin
E2; IL-8, interleukin-8; RANTES, regulation on activation, normal T cell
expressed and secreted; A549, human transformed alveolar epithelial
cell line; RSV, respiratory syncytial virus; CM, A549-conditioned media.



compared with the conditioned medium and the medium alone.
Stimulation of the cells with the UV-inactivated virus also re-
sulted in an increase in IL-8 and PGE2 that was not found with
RANTES. However, greater variability between experiments
using the UV-inactivated RSV did not allow for a statistical dis-
tinction from that induced by the live virus, nor from the con-
trols (Fig. 1A). This demonstrates some degree of stimulation
of A549 cells to produce IL-8 and PGE2, but not RANTES, by
RSV proteins independent of an active infection.

The time course for stimulation of the chemokines by RSV
demonstrated an increase from 6 h post infection to a maximum
production by 24 h post infection for both IL-8 and RANTES.
The maximal production of PGE2, however, was observed at 6
h post infection (Fig. 1B).

Although there was constitutive production of the inflam-
matory cytokine IL-1β (913 ± 99 pg/mL, mean ± SEM) at all
sample times, there was little to no spontaneous production of
TNF-α at any time (13 ± 3 pg/mL, mean ± SEM). No differ-
ence was found in the production of either IL-1β or TNF-α be-
tween those cells treated with live RSV and any of the study
controls (UV-inactivated virus, A549-conditioned medium, and
medium alone) at any of the culture times tested (data not
shown).

Effect of LCPUFA incorporation into A549 cells on PGE2
production. Cell membrane EPA, AA, and DHA were in-
creased dose dependently up to a maximal level of incorpora-
tion (Fig. 2A–C). The change in membrane composition result-
ing from the incorporation of each FA into the cells was offset
by a decrease in the monounsaturated FA levels, largely owing
to a loss of oleic acid (18:1n-9). In addition, the incorporation
of each of the n-3 FA, EPA and DHA, resulted in a decrease in
membrane AA from 7 to 3% total phospholipids in the control
and 50 µg/mL-supplemented cells, respectively. Similarly, in-
corporation of AA resulted in a decrease in total membrane n-3
from 5 to 1.5% total phospholipids in the control and 50
µg/mL-supplemented cells, respectively (data not shown).

The incorporation of each of the n-3 LCPUFA, EPA and
DHA, into the membranes of A549 cells at 10 µg/mL resulted
in a significant decrease in the production of PGE2 in response
to RSV infection when compared with the control (no FFA). In

contrast, the incorporation of a similar amount of the n-6 LCP-
UFA, AA, into these cells resulted in a significant increase in
PGE2 production compared with that of the control cells (Fig.
3). However, the incorporation of each of the LCPUFA into
these cells and the subsequent changes in PGE2 production ap-
peared to neither hasten nor delay the appearance of visible cy-
topathic effects of infection with live RSV.

In addition, incorporation of LCPUFA into the cells had no
measurable effect on the production of the chemokines IL-8 or
RANTES in response to infection with RSV (data not shown).

DISCUSSION

RSV was shown here to elicit an increase in PGE2 production
in the absence of lipopolysaccharide, and also to upregulate
production of this prostaglandin by RSV in human airway ep-
ithelial cells. These findings are supported by a recent paper by
Richardson and collegues (14). Furthermore, the upregulation
of PGE2 production in response to RSV infection established
in our study occurred in the absence of any increase in produc-
tion of the proinflammatory cytokines IL-1β or TNF-α. In pre-
vious studies, IL-1β and TNF-α in the absence of RSV in-
creased PGE2 production by A549 cells via enhanced cy-
clooxygenase (COX)-2 expression (15,16). We have shown
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FIG. 2. Cell membrane phospholipid (A) EPA, (B) arachidonic acid (AA), and (C) DHA from respiratory epithelial
cells incubated with EPA, AA, or DHA as FFA to confluence (24 h). Results from three to four experiments are ex-
pressed as a relative percentage of the total FA (mean ± SEM). Points with different superscripts indicate significant
differences (P < 0.05).

FIG. 3. Production of PGE2 in response to incubation with live RSV by
A549 cells treated with long-chain PUFA (10 µg/mL) compared with the
control (no FFA). Results from three separate experiments are expressed
as mean ± SEM. Bars with different superscripts indicate significant dif-
ferences (P < 0.05). For abbreviations see Figure 1.



that the infection of epithelial cells by RSV will increase air-
way PGE2 independently of the production of proinflammatory
cytokines released in the airways during RSV disease. This ap-
parent anomaly may be due to the stimulation caused by the re-
lease of AA from the cell membrane in response to RSV infec-
tion. This supposition is supported by the demonstrated sup-
pressive effects of the n-3 PUFA, EPA and DHA, on
RSV-induced PGE2 production because of the competitive re-
lationship of these n-3 and n-6 FA for release and metabolism
(17). These LCPUFA-mediated changes in PGE2 production
may be regulated via COX-2, as AA supplementation was pre-
viously shown to upregulate PGE2 production in A549 cells
via increased expression of this enzyme (18). Because the level
of n-3 PUFA accumulated in our cells was similar to levels seen
in erythrocytes of infants fed breast milk with high n-3 PUFA
levels (19), it is conceivable that this might lead to a potential
treatment for bronchiolitis.

In this study we also corroborated the upregulation of IL-8
and RANTES production by respiratory epithelial cells in re-
sponse to RSV infection (4). In addition, production of both IL-8
and PGE2 in response to incubation with the UV-inactivated
virus was found to lie between that of the live virus and non-RSV
controls. IL-8 gene expression and protein release occur as early
as 2 h following RSV infection and are not dependent on viral
replication (20). UV inactivation disables the ability of RSV to
replicate but not to bind to receptors, so although the presence of
RSV has some limited effect, the lack of a new productive infec-
tion limits the total effect of RSV. In previous studies we found
that UV inactivation gives some limited stimulation by RSV to
epithelial cells, but full stimulation occurs only if the RSV is di-
viding and giving a new productive infection (21).

Previous studies examining the effect of live infection with
RSV on cytokine production by A549 respiratory epithelial
cells also have found increased production of IL-1β and TNF-
α (22,23). The levels of cytokines seen in these studies were
low, at 20 and 75 pg/mL for IL-1β and TNF-α, respectively.
Although the previously reported concentration of TNF-α ex-
ceeded that seen in this study, the amount of IL1-β was consid-
erably less than the constitutive expression measured here. This
increase in baseline production of IL-1β may have masked the
small increases observed on RSV infection in former studies
and may have been due to variability in the detection of IL-1β
isoforms with the antibodies used in each study.

Very few published studies have examined PGE2-induced
responses in RSV disease. An increase in plasma PGE2 was ob-
served 3 d after primary infection in a bovine model of RSV
(24). However, PGE2 effects in asthma have been rigorously
examined because of the dichotomous nature of its actions in
regulating the dilation and constriction of both the bronchioles
and resident blood vessels. Murine studies have attempted to
elucidate the opposing effects of PGE2 and, through the use of
receptor knockout models, have delineated the different effects
on airway tone caused by the expression patterns and subse-
quent binding to each of the four PGE2 receptors—E-prosta-
noid 1–4 (25). Differences in the expression of these receptors,
both between different cell types and between individuals, may
contribute to explaining the contradictory results obtained in

clinical trials of aerosolized PGE2 for the treatment of asthma.
Whereas, for the majority of asthma patients, inhaled PGE2
acted as a bronchodilator, in a substantial proportion of test
subjects, treatment resulted in profound bronchoconstriction,
requiring β agonist rescue (26). It may therefore be postulated
that the dilatory and constricting effects of PGE2 in RSV dis-
ease and its possible contribution to the development of asthma
in these infants may be equally tissue and individual specific.

Although prostaglandins are implicit in regulating bronchi-
olar and vascular constriction and dilation, they also can aid in
the regulation of cytokine production. PGE2 derived from stim-
ulating A549 cells with IL-1β can increase IL-10 and decrease
IL-12 production by alveolar macrophages (27). These cy-
tokines perform many functions in the immune system. How-
ever, one of their well-defined roles is as regulators of T helper
(Th) lymphocyte maturation and activation, with IL-10-pro-
moting Th2 and IL-12-promoting Th1 cell development, re-
spectively. Altering the balance of these cells, and their cy-
tokine products, to a predominant Th2 environment has been
implicated in the development of atopy (28). High levels of IL-
10 during RSV bronchiolitis have been associated with the de-
velopment of recurrent wheezing and asthma during the
months following recovery (29). Equally, the duration of respi-
ratory failure and acute bronchiolitis as a result of infection
with RSV has been associated with a decreased ability to pro-
duce IL-12 (30,31). Regulation of prostaglandin production
may aid in alleviating the imbalances found in IL-10 and IL-12
at a crucial time of early immune activation, which may pre-
vent skewing of the developing immune system toward inap-
propriate immune responses such as asthma.

Downregulation of PGE2 production by dietary n-3 LCP-
UFA consumption in infants during infection with RSV may
therefore be beneficial owing to the variety of mechanisms
through which this prostaglandin contributes to immune func-
tion in the airways. A decrease in PGE2 induced by the incor-
poration of dietary n-3 LCPUFA into respiratory epithelial cells
may reduce both the short- and long-term effects of RSV in-
fection via regulation of cytokine production. Modulation of
the production of PGE2 with variations to the n-6 to n-3 ratio
may help regulate bronchiolar and vascular constriction and di-
lation and thereby decrease the long-term detrimental effects
of RSV infection on the lung. Although COX inhibitors may
be used to diminish the production of PGE2 by the respiratory
epithelium in this airway disease, as suggested in the recent
paper by Richardson and colleagues (14), from our study it may
be hypothesized that PGE2 production could be regulated via
an intake of n-3 LCPUFA, either maternally derived through
human milk feeding or by addition to infant formula. Further
work is required to elucidate the role of PGE2 in infant airways
during RSV disease and to determine the extent to which di-
etary LCPUFA may modulate these effects in vivo.
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ABSTRACT: The selective accumulation of lutein in the macula
of the human retina is likely to be mediated by specific transport
and/or binding proteins. Our objective was to determine whether
transthyretin (TTR) is a plasma transport protein for lutein. We used
a biosynthetic 13C-lutein tracer and GC–combustion interfaced–
isotope ratio MS to gain the requisite sensitivity to detect the minute
amounts of lutein expected as a physiological ligand for TTR. Sub-
jects (n = 4) each ingested 1 mg of 13C-lutein daily for 3 d and do-
nated blood 24 h after the final dose. For three subjects, the plasma
TTR–retinol-binding protein (RBP) complex was partially purified
by anion-exchange (diethylaminoethyl, DEAE) chromatography
and then dissociated by hydrophobic-interaction chromatography
to yield the TTR component. For subject 4, the initial DEAE purifi-
cation step was omitted and total plasma TTR (RBP-bound and free)
was isolated by hydrophobic-interaction chromatography. In each
case, the crude TTR fractions were then purified to homogeneity
by RBP–Sepharose affinity chromatography. Pure TTR was ex-
tracted with chloroform, and unlabeled lutein was added to the ex-
tract as a carrier. The mean 13C/12C ratio (expressed in delta nota-
tion, δ13C) of the lutein fraction isolated from the plasma TTR ex-
tracts of the four subjects was −30.53 ± 3.29‰. The δ13C value of
the unlabeled lutein carrier was −30.97 ± 0.27‰. Thus, no 13C en-
richment was detected in association with TTR. We conclude that
lutein is not associated with TTR in human plasma after being in-
gested in physiological amounts.

Paper no. L9713 in Lipids 40, 1013–1022 (October 2005).

Age-related macular degeneration (AMD) is the leading cause
of blindness among Caucasians in the United States, account-
ing for 54.4% of cases (1). AMD is a progressive disease in-
volving degeneration of the retinal pigment epithelium and
photoreceptors in the small central region of the retina known
as the macula. Lutein and zeaxanthin are dietary carotenoids
that circulate in plasma and accumulate in the macula (2,3). A
protective role for these macular pigments is suggested by as-
sociations of higher plasma lutein concentrations and/or higher
macular pigment densities with lower risk of AMD (4–6). In-
creased consumption of foods or supplements rich in lutein and

zeaxanthin raises serum concentrations of these carotenoids
and, in many cases, increases macular pigment density (7–10).
In small clinical studies, there were improvements in visual
acuity in AMD patients after lutein supplementation (11,12).

The active accumulation of lutein and zeaxanthin in the
macula is almost certainly mediated by transport and/or bind-
ing proteins. The macular pigment concentration approaches a
remarkable 1 mM in the central macula (13). This concentra-
tion exceeds typical lutein concentrations in serum (0.1–1.23
µM) by a factor of 103 to 104 (14). The uptake of lutein and
zeaxanthin by the macula is highly selective; other prominent
serum carotenoids such as α-carotene, β-carotene, and ly-
copene are not present (13). Lutein and zeaxanthin are consti-
tutional isomers that have hydroxyl groups on the cyclic end
rings; the only structural distinction is the placement of one
double bond in one of the rings (Fig. 1). The systematic spatial
distribution of zeaxanthin in the macula and the presence of a
unique steroisomer, meso-zeaxanthin (3R,3′S-zeaxanthin),
strongly point to the existence of a biochemical pathway for
the conversion of lutein to zeaxanthin (3). Recently, retinal
meso-zeaxanthin was shown to be derived from dietary lutein
in rhesus monkeys (15). According to this model, lutein is
transported to strategic sites within the retina where it is con-
verted to meso-zeaxanthin.

One candidate lutein transport protein is transthyretin
(TTR). TTR is a multifunctional protein that associates with
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several molecules of biological importance (16). The two
well-established functions of human TTR are the transport of
thyroxine (17) and the transport of retinol via the retinol-bind-
ing protein (RBP)–TTR complex (18). Also associated with
TTR in human plasma are various small biomolecules, includ-
ing fatty acids (19), amino acids, glutathione, and a yellow hy-
drophobic compound (16). In chicken serum, the yellow com-
ponent was shown to be lutein, which is transported in specific
association with TTR to the exclusion of other carotenoids
(20). Chickens are fed rations supplemented with lutein as a
source of broiler and yolk pigmentation (21), which results in
serum lutein concentrations 15- to 40-fold higher than those in
humans (22). In human plasma, the major yellow component
associated with TTR was not lutein and was tentatively identi-
fied as a yellow pterin derivative, 7,8-dihydropterin-6-carbox-
aldehyde (23). However, the presence of carotenoid-derived
components could not be excluded (20).

In the mammalian eye, TTR has widespread distribution in
cells of the retinal pigment epithelium, retinal ganglion, ciliary
and iris epithelium, corneal endothelium, and lens capsule
(24,25). However, TTR mRNA is found only in the retinal pig-
ment epithelium (26). Both TTR and RBP are synthesized and
secreted by retinal pigment epithelial cells (27–29). Since TTR
is present in both plasma and retina, an additional biological
function of TTR could be selective lutein transport in the
plasma and selective deposition in the central retina. The pho-
toreceptors of the retina require retinol for the synthesis of
rhodopsin. Retinol is delivered to the retinal pigment epithe-
lium via membrane receptors that bind the holo–RBP–TTR
complex (30). This model would allow specific and coordi-
nated delivery of both retinol and lutein to the retina. Although
lutein is remarkably concentrated in the central retina, the ab-
solute amounts deposited are small. The macula contains only
5–40 ng of lutein concentrated within a 4–5 mm radius (31).
When lutein is ingested in physiological amounts, the minute
amounts of lutein present as a ligand to transport or binding
proteins could escape detection by conventional means such as
HPLC with UV/vis detection. Our objective was to use physio-
logical doses of a uniformly labeled 13C-lutein tracer and
high-precision GC–combustion interfaced–isotope ratio MS
(GC–C–IRMS) as a high-sensitivity approach to investigate
lutein as a potential physiological ligand for TTR in human
plasma.

MATERIALS AND METHODS

Materials. The source of RBP and TTR for preparation of the
RBP– and TTR–Sepharose affinity columns, respectively, was
outdated human plasma donated by the Blood Bank of Mary
Greeley Hospital, Ames, Iowa. All-trans-retinol, phenyl-
Sepharose CL-4B, Coomassie Brilliant Blue G, and Bradford
reagent were purchased from Sigma (St. Louis, MO). The
anion-exchange resin DE 52 was obtained from Whatman In-
ternational Ltd. (Maidstone, Kent, United Kingdom). The
CNBr-activated Sepharose 4B affinity medium was supplied
by Amersham Pharmacia Biotech (Piscataway, NJ). Solvents

used for HPLC analysis were HPLC grade and purchased from
Fisher Scientific (Pittsburgh, PA).

Subjects. Informed consent was obtained from all subjects,
and study protocols were approved by the Iowa State Univer-
sity Human Subjects Review Committee. Four healthy women
19–38 years of age were enrolled in the study. Subjects were
screened initially by interview using a standardized question-
naire that addressed health and lifestyle factors. Exclusion cri-
teria were current or recent (previous 12 mon) cigarette smok-
ing, frequent consumption of alcoholic beverages (>1 drink/d),
current or planned pregnancy, current or recent (previous 6
mon) use of oral contraceptive agents or contraceptive im-
plants, current or recent (previous 1 mon) use of medications
that may affect lipid absorption or transport (including antibi-
otics), and current or recent (previous 3 mon) use of multivita-
min, β-carotene, lutein, or other carotenoid supplements. Also
excluded were those who had a history of anemia or excessive
bleeding, psychological aversion to phlebotomy, whole blood
donation within an 8-wk period preceding scheduled blood do-
nation for the study, chronic disease, macular degeneration or
other eye diseases, lipid malabsorption or gastrointestinal dis-
orders, lactose intolerance, abnormal thyroid status, photosen-
sitivity, vegetarian diet, obesity (body mass index ≥ 30) and re-
cent change in body weight (>4.5 kg in previous month). The
final exclusion criteria were a blood hemoglobin concentration
< 125 g/L or abnormal hematocrit or red cell indices as mea-
sured at the Iowa State University Thielen Student Health Cen-
ter within the 7-d period preceding the scheduled blood dona-
tion for the study.

13C-Lutein tracer. The 13C-lutein tracer was isolated from
the nonsaponifiable fraction of a crude lipid extract of
Chlorella sp. (Martek Bioscience Corp, Columbia, MD) by
using a modification of our published method (32). The algae
were grown under an environment of 13C-labeled CO2 so that
all biomolecules, including lutein, were uniformly labeled with
13C. The purified crystalline 13C-lutein was stored under argon
in the dark at −80°C. Confirmatory mass spectra of the purified
13C-lutein tracer were obtained using a Finnegan (currently
Thermoquest, San Jose, CA) TSQ 700 triple quadrupole mass
spectrometer in electron ionization mode (70 eV). The sample
was introduced into the ion source by direct insertion probe at
200°C. Mass spectra were acquired over the range m/z 100–800
in 0.75 s.

Study protocol. Subjects were instructed to avoid fruits, veg-
etables, and dietary supplements with a high lutein content for
a 3-wk period preceding dosing with 13C-lutein. The intent was
to deplete serum TTR of lutein originating from the diet to
maximize saturation of TTR with lutein originating from the
13C-lutein doses. Subjects ingested an emulsion prepared with
banana (30 g), fat-free milk (70 mL), and high-oleic sunflower
oil (28 g; Abitec Corporation, Janesville, WI) that contained
1.0 mg of 13C-labeled lutein (32). Each subject ingested the
13C-lutein-containing emulsion on each day of the 3-d treat-
ment period. The emulsion was ingested at 24-h intervals under
observation in the Human Metabolic Unit in the Center for De-
signing Food to Improve Nutrition at Iowa State University.
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The 1.0-mg daily dose of lutein is within the range of typical
daily intakes of lutein in the U.S. population (22).

Each subject donated 500 mL of blood for isolation of TTR
24 h after ingestion of the third and final dose of 13C-labeled
lutein. Blood was collected in the Human Metabolic Unit by a
registered nurse used as a phlebotomist at a local blood bank.
Plasma was separated by using a plasma extractor (Baxter
Healthcare Corp., Round Lake, IL). The individual plasma
samples were stored at −70°C until used for isolation of TTR.

Preparation of affinity columns. An RBP–Sepharose affin-
ity column was used in the final purification step to isolate TTR
from the plasma of our subjects who were dosed with 13C-
lutein. To prepare the RBP–Sepharose affinity column, a
TTR–Sepharose affinity column was first prepared and used to
purify the plasma RBP fraction to homogeneity (Fig. 2). The
purified RBP was then used to prepare the RBP–Sepharose
affinity column. The source of the RBP and TTR used to pre-
pare the affinity columns was outdated human plasma. All pro-
cedures were carried out at 4°C.

(i) Purification of TTR from outdated human plasma. The
outdated plasma (1 L) was filtered though a 0.25-in. bed of
Celite to remove lipids. The filtrate was then dialyzed for 16 h
against 5 L of 0.05 M phosphate buffer, pH 7.4, containing 0.05
M NaCl. The presence of retinol bound to RBP is essential for
the formation of a stable complex with TTR (33). To ensure
saturation of the RBP with retinol, the dialyzed plasma was in-
cubated with a 5 × 10−4 M solution of all-trans-retinol in
DMSO. An equimolar amount of retinol to RBP was used. The
mixture was incubated for 30 min at room temperature in the

dark. The plasma was then centrifuged at 10,000 × g for 30 min
to remove any precipitate.

Anion-exchange (diethylaminoethyl, DEAE) chromatogra-
phy was used to partially purify the holo-RBP–TTR complex.
The dialyzed plasma was applied to a DE 52 column (2.5 × 22
cm), which was previously equilibrated in the dialysis buffer, and
washed with 0.05 M phosphate buffer, pH 7.4, containing 0.05
M NaCl until there was no absorbance at 280 nm. The column
was eluted with a 500-mL linear gradient of NaCl from 0.05 to
0.5 M in 0.05 M phosphate buffer, pH 7.4, at a flow rate of 70
mL/h. Fractions of 5 mL were collected and scanned for ab-
sorbance at 280 nm, 330 nm (resulting from bound retinol), and
450 nm (for detection of yellow pigment). The elution of the
RBP–TTR complex was also monitored by following the fluo-
rescence of the bound retinol (335 nm excitation, 460 nm emis-
sion). Fractions with both fluorescence and UV absorbance con-
tained the RBP–TTR complex.

The RBP–TTR complex was further purified by ammonium
sulfate fractionation. The sample was concentrated under ni-
trogen pressure to a volume of 100 mL in an Amicon ultrafil-
tration cell (Amicon, Inc., Beverly, MA) with a YM-3 filter
(Millipore Corporation, Bedford, MA). Ammonium sulfate
was added to a final concentration of 1.5 M, the pH was ad-
justed to 6.0 by 2 M citric acid, and the solution was allowed
to stand overnight. The precipitate was removed by centrifuga-
tion at 10,000 × g for 10 min.

The RBP–TTR complex was then dissociated by using hy-
drophobic-interaction chromatography (34). The clear super-
natant from the ammonium sulfate precipitation was applied to a
phenyl-Sepharose CL-4B column (2.5 × 33 cm) previously equi-
librated with 0.05 M citrate buffer, pH 6.0, containing 1.5 M am-
monium sulfate. The column was immediately eluted with a lin-
ear gradient from the starting buffer to 0.03 M phosphate buffer,
pH 7.0 (1500 mL). The flow rate was 120 mL/h; 10-mL fractions
were collected and tested for absorbance at 280, 330, and 400 nm.
Fractions 50–120 contained TTR. The RBP eluted before frac-
tion 150. The pooled TTR fractions (about 150 mL) were dia-
lyzed overnight against 0.05 M Tris-acetate buffer, pH 8.3.

The crude TTR fraction was further purified using a second
DEAE column (2.5 × 30 cm), which was previously equili-
brated in the dialysis buffer. Elution was carried out with a 500-
mL linear gradient from 0.05 M Tris-acetate buffer, pH 8.3, to
0.33 M Tris-acetate buffer containing 0.2 M NaCl at a flow rate
of 60 mL/h. Fractions of 5 mL were collected and scanned for
protein absorbance. The major peak, which contained TTR,
was concentrated by ultrafiltration and stored at −80°C until
used for packing the TTR–Sepharose affinity column.

(ii) Preparation of the TTR–Sepharose affinity column. To
prepare the TTR–Sepharose affinity column, the purified TTR
was concentrated and dialyzed using a Micro ProDiCon CE
membrane (Spectrum, Houston, TX) in a Micro-ConFilt Vac-
uum Dialysis Unit (Bio-Molecular Dynamics, Beaverton, OR).
The concentrated TTR was then coupled with the CNBr-acti-
vated Sepharose 4B affinity medium according to the instruc-
tions provided by the supplier. A total of 35 mg of purified TTR
was used to pack a 5-mL (1.5 × 3.0 cm) column.
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FIG. 2. Protocol for preparation of the retinol-binding protein
(RBP)–Sepharose affinity column used in the final purification of plasma
transthyretin (TTR) from subjects who ingested a 13C-lutein tracer.
DEAE, diethylaminoethyl.



(iii) Purification of RBP by TTR–Sepharose affinity chro-
matography. The crude RBP fraction previously eluted from
the phenyl-Sepharose column was then purified to homogene-
ity by using the TTR–Sepharose affinity column. The RBP
fraction was first dialyzed against 0.01 M PBS buffer contain-
ing 0.5 M NaCl, pH 7.4, using a Slide-A-Lyzer Dialysis Cas-
sette (Pierce, Rockford, IL). The dialyzed sample was then ap-
plied to the TTR–Sepharose affinity column, which had been
equilibrated with the dialysis buffer. Fractions of 2 mL were
collected and the flow rate was adjusted to 1.0 mL/min. After
the sample was loaded onto the column, followed by 1 mL of
starting buffer, the flow was stopped for 20 min to ensure bind-
ing of the RBP to the gel matrix. The column was then washed
with 3 bed volumes of starting buffer followed by 3 bed vol-
umes of 0.01 M PBS (no NaCl). The RBP fraction was eluted
with deionized water. The pure RBP from several runs was
pooled, concentrated by vacuum dialysis, and stored at −80°C
under argon.

(iv) Preparation of the RBP–Sepharose affinity column. A
total of 11 mg of pure RBP was used to pack a 2-mL
RBP–Sepharose affinity column (1.0 × 2.5 cm). The coupling
and packing procedures were the same as those used to prepare
the TTR–Sepharose affinity column. The RBP–Sepharose
affinity column was saved until used in the final purification
step in the isolation of TTR from the plasma of our subjects
who ingested the 13C-lutein tracer.

Purification of TTR from 13C-lutein-labeled plasma.
(i) Method 1. The RBP-bound TTR fraction was purified from
250-mL samples of 13C-lutein-labeled plasma collected from
subjects 1–3. The RBP-bound TTR was isolated by using a
combination of anion-exchange (DEAE) chromatography and
ammonium sulfate precipitation, as previously described for
the isolation of TTR from outdated human plasma to prepare
the TTR–Sepharose affinity column. Phenyl-Sepharose chro-
matography was then used to dissociate the RBP–TTR com-
plex, as previously described.

(ii) Method 2. The total TTR (free and RBP-bound) fraction
was purified from the 13C-lutein-labeled plasma of subject 4.
Total plasma TTR was isolated by omitting the initial DEAE
chromatography step. A 100-mL aliquot of plasma was sub-
jected to ammonium sulfate fractionation and applied to a
phenyl-Sepharose column (2.5 × 33 cm) to dissociate the
RBP–TTR complex as previously described. A 1500-mL
buffer gradient was used because of the larger column size, and
15-mL fractions were collected. Fractions were monitored for
absorbance at 280, 330, and 450 nm. Three peaks were identi-
fied. These fractions were concentrated and analyzed by photo-
diode array spectrophotometry for absorbance spectra and by
SDS-PAGE for purity. Peak 1, which contained TTR, was con-
centrated to a volume of 5 mL.

(iii) RBP–Sepharose affinity chromatography. For each of
the four subjects, the partially purified TTR fraction collected
from the phenyl-Sepharose column was purified to homogene-
ity by using the RBP–Sepharose affinity column. The protocol
was the same as previously described for the purification of
RBP by TTR–Sepharose affinity chromatography. The TTR

fraction was eluted with deionized water and concentrated to a
0.5-mL volume by vacuum dialysis. The pure TTR was re-
moved and the dialysis membrane was washed three times with
0.5 mL of PBS. The washings were combined with the 0.5-mL
pure TTR fraction to obtain a final volume of 2 mL. The pure
TTR was stored in a brown vial at −80°C under argon until
analysis for 13C-lutein content.

SDS-PAGE and immunoblotting. The purity of the protein
fractions was analyzed by SDS-PAGE using an XCell Sure-
Lock Mini-Cell, NuPage 12% Bis-Tris gels, NuPage MOPS
SDS Running Buffer, NuPage LDS Sample Buffer, and Nu-
Page Antioxidant, according to instructions provided by the
manufacturer (Invitrogen Corp., Carlsbad, CA). Gels were
stained using Coomassie Brilliant Blue G (Sigma). Im-
munoblotting was performed using the Mini Trans-Blot Elec-
trophoretic Transfer Cell, Tris/Glycine Transfer Buffer (Bio-
Rad, Hercules, CA), and a BA83 Pure Nitrocellulose Transfer
and Immobilization membrane (Schleicher & Schuell, Inc.,
Keene, NH). The Perfect Protein AP Western Blot Kit was ob-
tained from Novagen (CN Biosciences, Inc., Madison, WI).
Goat antihuman prealbumin IgG (N-19, sc-8105) and alkaline
phosphatase-conjugated bovine antigoat IgG (sc-2351) were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Rabbit antihuman RBP and alkaline phosphatase-conjugated
goat antirabbit immunoglobins were purchased from Dako
Corporation (Carpinteria, CA). BCIP/NBT Phosphatase Sub-
strate was obtained from KPL, Inc. (Gaithersburg, MD). Pure
human TTR and RBP standards were purchased from Sigma.

The protein concentration in the samples was measured at
each purification step by the Bradford method. The absorbance
at 595 nm was measured using an ELX 808 Automated Mi-
croplate Reader (Bio-Tek Instruments Inc., Winoosk, VT).

GC–C–IRMS analysis of the TTR extract. Each 2-mL TTR
fraction was mixed with 2 mL of ethanol (0.01% BHT) fol-
lowed by 4 mL of chloroform (0.01% BHT). The mixture was
partitioned in a separatory funnel and the chloroform layer was
saved. This partition step was repeated four times, and the chlo-
roform fractions were combined and dried under vacuum. Un-
labeled lutein (4.8 nmol) in ethanol (0.01% BHT) was added
to each extract as a carrier to provide sufficient mass for HPLC
purification and GC–C–IRMS analysis. The added ethanol was
then dried under vacuum. The dried extract was redissolved in
50 µL of ethyl ether plus 200 µL methanol; 245 µL was in-
jected into the HPLC system for isolation of the lutein fraction.

The HPLC system comprised the following equipment (Wa-
ters, Milford, MA): a 717Plus Autosampler with temperature
control set to 5°C, two 510 solvent delivery systems, and a 996
photodiode array detector. The system was operated with Mil-
lennium32 Chromatography Manager Software. The lutein
fraction was collected from a 5-µm C30 4.6 × 250 mm analyti-
cal column (Carotenoid Column; YMC, Wilmington, NC).
Carotenoids were eluted by a linear gradient (100:0 methanol
containing 0.1% ammonium acetate to 0:100 methyl tert-butyl
ether over 30 min); the flow rate was 1 mL/min. Elution of
carotenoids was monitored at 453 nm. The lutein fraction was
collected, dried under vacuum, redissolved in 50 µL of ethyl
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ether plus 150 µL of methanol, and repurified by injecting 195
µL into the HPLC system using the same RP-HPLC condi-
tions. The lutein peak identities were confirmed by comparison
of photodiode-array spectra with that of a commercial lutein
standard (Kemin Industries, Des Moines, IA). Purified lutein
was dissolved in cyclohexane and converted to thermally sta-
ble perhydro-β-carotene by hydrogenation and acid-catalyzed
hydrogenolysis according to a method established in our labo-
ratory (32). Derivatization to perhydro-β-carotene was neces-
sary to prevent thermal degradation during GC separation prior
to IRMS analysis. The perhydro-β-carotene derivatization
product was dried under vacuum and stored under argon at
−20°C until analyzed by GC–C–IRMS.

A 5890A Hewlett-Packard (Wilmington, DE) gas chromato-
graph fitted with a Fisons/VG Isotech Isochrom GC–Combus-
tion interface to the Fisons/VG Isotech (Micromass UK Ltd.,
Manchester, United Kingdom) Optima Isotope Ratio mass
spectrometer was used to measure the stable carbon ratio of the
perhydro-β-carotene derivative of lutein. A 15 m × 0.25 mm
i.d. (0.25 µm thickness) HP-1MS (J&W Scientific, Folsom,
CA) fused-silica capillary column with on-column injector was
used with ultrapure helium as carrier gas at a flow rate of 40
cm/s. The temperature program proceeded from 50°C, fol-
lowed by a gradient of 30°C/min to 150°C, followed by a gra-
dient of 15°C/min to 300°C. The temperature was then held at
300°C for 22 min. After injection into the GC–C–IRMS, per-
hydro-β-carotene was quantitatively combusted to CO2 and
H2O. The H2O was then removed by a chemical trap and the
CO2 gas was purified by chromatography on a Porapak QS col-
umn (4 mm i.d. × 2 m) at 60°C before entry into the dual inlet
of the isotope ratio mass spectrometer. The computer-gener-
ated carbon isotope ratio measurements, expressed in delta (δ)
per mil (‰) units, were used to calculate the atom% 13C in each
sample according to the following equation:

[1]

where R = 13C/12C (32). The RPDB represents the 13C/12C ratio
for the international standard for carbon, which was obtained
from the Pee Dee Belemnite formation in South Carolina, with
an accepted value of RPDB = 0.0112372 ± 0.000009. A differ-
ence of 1‰ corresponds to a change of 0.001099 atom% 13C
at natural abundance (35).

RESULTS

Purity of the 13C-lutein tracer. The final composition of the
biosynthetic 13C-lutein tracer was 96.5% lutein and 3.5% zea-
xanthin based on the relative peak areas determined by using
HPLC analysis (Fig. 3). The UV/vis absorbance spectrum mea-
sured by HPLC with photodiode array detection was identical
to that of a commercial lutein standard (Kemin Industries, Des
Moines, IA) (Fig. 4). The electron ionization (70 eV) mass
spectrum shows the fragmentation of the 13C-labeled lutein
with a base peak at m/z 608.4 (Fig. 5). The molecular mass of
unlabeled lutein, a C40 carotenoid, was 568.4. Thus, the mass

spectral analysis was consistent with a lutein tracer in which
each carbon was uniformly labeled with 13C.

Purification and characterization of TTR from 13C-lutein-
labeled plasma. SDS-PAGE analysis of the final TTR product
isolated from the RBP–Sepharose affinity column showed that
TTR was purified to homogeneity (Fig. 6). The identity of the
purified TTR was confirmed by immunoblot (Fig. 6).

By using method 1, which was based on initial purification
of TTR as a component of the RBP–TTR complex, an aver-
age of 8.0 ± 0.4 mg of TTR was purified from each 250-mL
sample of 13C-lutein-labeled plasma donated by subjects 1–3
(Table 1). The mean serum RBP concentration in women was
0.048 g/L (38) or 0.012 g in a 250-mL serum sample. RBP is
a 21-kDa monomeric protein; the estimated 0.012 g in our
serum samples would equate to approximately 0.57 µmol (1
µmol is equivalent to 21 mg). Based on the 1:1 binding stoi-
chiometry of RBP to TTR, we would expect approximately
0.57 µmol, or 31 mg, of RBP-bound TTR in our samples.
(TTR is a 55-kDa tetrameric protein; thus, 1 µmol is equiva-
lent to 55 mg.) On this basis, the estimated recovery of RBP-
bound TTR purified by using method 1 was approximately
26%. Our isolation protocol was highly reproducible and gave
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FIG. 3. HPLC chromatogram showing the high purity of the 13C-lutein
tracer purified from a crude lipid extract of biosynthetically 13C-labeled
algal biomass (Martek Bioscience, Columbia, MD).

FIG. 4. Near-identical UV/vis absorbance spectra of a commercial
lutein standard (reagent grade lutein, Kemin Industries, Des Moines, IA)
(—) and the biosynthetic 13C-lutein tracer (····).



a yield comparable to that obtained with a previously pub-
lished method (39).

When method 1 was used to purify RBP-bound TTR from
the plasma of our subjects, we did not observe a yellow color
in either the partially purified TTR fractions or the final pure
TTR product. In method 2, the initial DEAE chromatography
step was omitted to isolate the total plasma TTR fraction (RBP-
bound and free). Each of the three fractions collected from the
phenyl-Sepharose column (TTR, RBP, and an unidentified
third fraction) were visibly yellow. In addition to protein ab-
sorbance at 280 nm, the TTR-containing fraction (fraction 1)
showed absorbance from 380 to 500 nm, with maximal ab-

sorbance at 414 nm (Fig. 7). Fraction 2 (containing RBP) and
fraction 3 also showed absorbance from 380 to 550 nm, but
none of these protein fractions had spectra that resembled the
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FIG. 5. Electron ionization (70 eV) MS showing fragmentation of the
13C-labeled lutein to form a base peak of m/z 608.4. The molecular
mass of unlabeled lutein, a C40 carotenoid, is 568.4. The mass spec-
trum is consistent with a lutein tracer in which each carbon is uniformly
labeled with 13C.

FIG. 6. SDS-PAGE gel (left) and immunoblot (right) of human TTR: com-
mercial TTR standard (lanes A and C); purified TTR from human plasma
(lanes B and D). Treatment of tetrameric TTR with SDS causes dissocia-
tion into 14-kDa monomers (36). The second band present in the com-
mercial TTR standard is most likely an undissociated dimer of the 14-
kDa TTR polypeptide (37). For abbreviations see Figure 2.

TABLE 1
Purification of Transthyretin (TTR) from 13C-Lutein-Labeled
Human Plasma

Total proteina (mg)

Fraction Method 1b Method 2c

Plasma 17,659 ± 1,299 7,540
Diethylaminoethyl chromatography 135 ± 5 —
Ammonium sulfate precipitation 84.7 ± 1.5 3,900
Phenyl-Sepharose chromatography 41.0 ± 2.6 21
RBP–Sepharose affinity chromatography 8.0 ± 0.4 4.7
aProtein was measured using the Bradford method.
bThe retinol-binding protein (RBP)-bound TTR fraction was purified from 250
mL of plasma; phenyl-Sepharose chromatography was then used to dissoci-
ate the RBP–TTR complex. Yields are expressed ± SD; n = 3 samples.
cTotal TTR (RBP-bound and free) was purified from a single 100-mL plasma
sample; phenyl-Sepharose chromatography was then used to dissociate the
RBP–TTR complex.

FIG. 7. Absorbance spectra of the yellow protein fractions eluted from
the phenyl-Sepharose column during the purification of total TTR (RBP-
bound and free) from 13C-lutein-labeled human plasma: (A) the TTR-
containing fraction; (B) the RBP-containing fraction; (C) unidentified
third fraction. For abbreviations see Figure 2.



three-peak spectra of lutein (Fig. 4) or zeaxanthin. When the
TTR-containing peak was applied to the RBP–Sepharose affin-
ity column, the yellow color was lost. The absence of yellow
color in the final pure TTR fraction was confirmed by photodi-
ode array spectrophotometry; there was no absorbance between
400 and 500 nm in the pure TTR fraction (Fig. 8).

Analysis of 13C abundance in TTR extracts. Because lutein
is thermally labile, it must be converted to a heat-stable form
before GC–C–IRMS analysis. To provide sufficient mass for
HPLC isolation and subsequent derivatization, our chloroform
extracts of TTR were spiked with unlabeled lutein. We then
used catalytic hydrogenation and hydrogenolysis of the lutein
fraction isolated from the TTR extracts to produce a heat-
stable derivatization product, perhydro-β-carotene, suitable for
GC–C–IRMS analysis (32). By using GC–C–IRMS analysis,
we were able to measure the stable carbon isotope ratio
(13C/12C) in the derivatized lutein fraction. The carbon isotope
ratios (δ 13C values) in the lutein fraction in the chloroform ex-
tracts of TTR purified by using method 1 were −30.57‰ (1.078
atom% 13C), −29.17‰ (1.079 atom% 13C), and −27.33‰
(1.081 atom% 13C) for subjects 1–3, respectively. The δ 13C
value of the lutein fraction for subject 4, whose TTR was puri-
fied by using method 2, was −35.04‰ (1.073 atom% 13C).
These δ 13C values were not different from the measured δ 13C
value for the unlabeled commercial lutein standard, which was
−30.97‰ (1.077 atom% 13C). Thus, there was no appreciable
13C enrichment in the lutein fraction in any of the TTR extracts.

DISCUSSION

We used a uniformly labeled 13C-lutein tracer and high-preci-
sion GC–C–IRMS as a high-sensitivity approach to investigate
lutein as a potential ligand for TTR in human plasma. TTR was
purified to homogeneity from the plasma of four subjects who
were dosed daily for a 3-d period with 13C-lutein. Previously, we
used the high sensitivity of GC–C–IRMS to detect differences in
the natural abundance of 13C in lutein isolated from C3 and C4
plant sources (40). Despite the capability of GC–C–IRMS analy-
sis to detect even low enrichments only slightly exceeding nat-

ural abundance, no 13C-lutein enrichment was found in chloro-
form extracts of the purified human plasma TTR. The 13C-lutein
tracer was administered in a highly bioavailable emulsion identi-
cal to the formulation used in our previous tracer studies (32,41).
In those studies involving a combined total of 11 subjects, the
measured enrichments in small (4-mL) plasma samples collected
at hourly intervals substantially exceeded the limits of detection
of GC–C–IRMS analysis. Although the subjects varied consid-
erably in the magnitude of the plasma 13C-lutein response, we
were readily able to quantify the plasma appearance and disap-
pearance of 13C-lutein in each subject. Thus, it is unlikely that
the lack of association of 13C-lutein with TTR in the present
study could be attributed to poor absorption of the tracer dose. In
chickens, the extent of saturation of serum TTR with lutein is es-
timated to be about 50% and the binding stoichiometry assumed
to be a 1:1 molar ratio (20). In our human subjects, even if the
saturation of plasma TTR with lutein were as low as 1% and the
binding stoichiometry were a 1:1 molar ratio, the measured
atom% 13C in our lutein extracts analyzed by GC–C–IRMS
would have exceeded 20%. The absence of 13C-lutein enrich-
ment in the chloroform extracts of TTR obtained using either of
our two purification methods (methods 1 and 2) indicates that
lutein is not associated with TTR in human plasma.

TTR is a tetramer of four identical subunits that form a
central hydrophobic channel in which the thyroid hormones,
thyroxine (T4) and triiodothyronine (T3), bind. TTR is one of
the most strongly conserved plasma proteins (42). The simi-
larity of amino acid sequences in chicken and human TTR is
75% overall and 100% for the central channel that contains
the T4-binding site (42). Although the amino acids involved
in the binding of T4are completely conserved, the shape of
the T4-binding channel in avian and human TTR differs (43).
The aspects of the cavity that enclose the inner phenolic and
the outer tyrosyl rings of the hormone are narrower in avian
TTR. In addition, the avian hormone-binding channel is wider
at the entrance. These changes in conformation underlie the
differing binding affinities of T3 and T4 to avian as compared
with human TTR (43). Human TTR has a higher affinity for
T4 and a lower affinity for T3 than does avian TTR. These
structural changes could also potentially change the binding
affinities for lutein. In contrast to the strong conservation in
amino acid sequence in the core region, the NH2 termini of
the TTR subunits differ considerably in chickens and humans
(44). The longer, more hydrophobic NH2 termini of chicken
TTR could change the spatial orientation of the NH2 termi-
nus with respect to the entrance to the central ligand-binding
site (44). In turn, this change in conformation could influence
the access and binding of thyroxine as well as that of the pu-
tative ligand, lutein. The thyroid hormones bind with their hy-
droxyl groups within hydrogen-bonding distance of the four
serine residues at the center of the TTR tetramer (45). In con-
trast, the binding affinity of nonhydroxylated compounds is
weak. Thus, the hydroxyl groups of lutein may account for its
selective binding to chicken TTR to the exclusion of other
carotenoids (20). Carotenoids are primarily transported in
plasma by lipoproteins, and there are species differences in
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FIG. 8. UV/vis absorbance spectrum of human plasma TTR purified to
homogeneity by using RBP–Sepharose affinity chromatography. There
was no absorbance in the visible range to indicate the presence of
carotenoid pigment. For abbreviations see Figure 2.



plasma lipoprotein profiles in humans and chickens. With the
exception of laying hens, in which VLDL are elevated, HDL
predominate in chicken plasma (46). In humans, LDL pre-
dominate. Overall, the various species differences suggest
that different ligands may associate with chicken as compared
with human TTR.

For each of our four subjects, the final step in the purifica-
tion of plasma TTR was RBP–Sepharose affinity chromatogra-
phy. In the case of subject 4, the final purified TTR fraction in-
cluded both free and RBP-bound TTR. If lutein binds only to
free TTR, the affinity ligand, RBP, on the stationary phase
might potentially displace lutein during the final purification
step. As a result, lutein would not be detected as a TTR ligand.
This scenario is unlikely for two reasons: (i) In the chicken,
lutein was previously identified as a ligand for serum TTR pu-
rified by affinity chromatography on RBP–Sepharose (20), and
(ii) the ligand-binding site of TTR does not participate in mo-
lecular interactions with RBP (47). The formation of the
macromolecular complex of TTR with RBP stabilizes the bind-
ing of retinol to RBP (47). In contrast, the binding of T4 to the
ligand-binding site in TTR is identical in the RBP–TTR com-
plex and in the isolated TTR protein.

When the total TTR fraction (RBP-bound and free) was iso-
lated from the plasma of subject 4 (method 2), we observed a
bright yellow color in several protein fractions, including the
major TTR-containing fraction, that eluted from the phenyl-
Sepharose column. The absorbance spectra of the protein frac-
tions in the visible range resembled that of the yellow pterin de-
rivative, 7,8-dihydropterin-6-carboxaldehyde, which was previ-
ously reported to be associated with TTR in human plasma (Fig.
7). Although we did not isolate the yellow component, TTR frac-
tions are reported to be yellow-absorbing in the same spectral
range as the purified yellow component (16). When the TTR
fraction was purified to homogeneity on the RBP–Sepharose
affinity column, the pure TTR was no longer yellow, as con-
firmed by spectral data (Fig. 8). As noted above, a potential ex-
planation could be conformational instability and release of the
yellow component upon coupling of TTR to the RBP ligand.
However, this explanation was discounted since previous inves-
tigators were able to isolate the yellow component from human
plasma TTR that was similarly purified by RBP–Sepharose
affinity chromatography. In these previous studies, human serum
was directly applied to the affinity column without initial purifi-
cation (16,23,36), resulting in minor contamination of the TTR
fraction with RBP and other minor impurities. The presence of
RBP is reported to be important in keeping a fraction of TTR in
the reduced state (36), which may be a requisite for retention of
the yellow component (16). Alternatively, the yellow pigment
may have associated with protein contaminants that were re-
moved during the final purification. Each of the yellow protein
fractions isolated by hydrophobic-interaction chromatography
had similar absorbance in the visible spectrum (Fig. 7). Simi-
larly, Pettersson et al. (16) reported a yellow color associated
with low M.W. contaminants of the TTR fraction. This raises the
possibility of nonspecific association.

The yellow component previously extracted from human

TTR was tentatively identified as 7,8-dihydropterin-6-carbox-
aldehyde, which is known to be formed by oxidative degrada-
tion of dihydrofolate (23). The yellow color is enhanced upon
boiling in acidic methanol (23). Ernström et al. (23) reported that
the yellow component associated with human TTR was unstable
in pure form and degraded to uncolored compounds when ex-
posed to air. But we did not observe a loss of yellow color in our
TTR fraction until application to the RBP–Sepharose affinity
column.

In conclusion, we did not detect 13C-lutein in association
with TTR isolated from the plasma of subjects who ingested
physiologically relevant amounts of 13C-labeled lutein. The re-
markably high concentration of xanthophylls in the central
retina is almost certainly mediated by a specific binding pro-
tein(s). Recently, lutein and zeaxanthin were shown to bind
specifically to membrane-associated xanthophyll-binding pro-
teins derived from the human macula (48,49). In the soluble,
cytosolic fraction of the human macula, lutein and zeaxanthin
were also shown to bind tubulin, a protein component of mi-
crotubules (31). However, binding to tubulin could not explain
the presence of macular pigment in the photoreceptor outer
segment membranes, which do not contact microtubules (50).
The transport mechanism that mediates the selective transport
of the macular pigment carotenoids into their sites of concen-
tration within the retina is an important research focus. If
known, abnormalities such as those resulting from mutations
or polymorphisms in genes expressing the specific transport
proteins could be used to identify individuals who have in-
creased risk of deficient macular pigment and corresponding
increased risk of AMD.
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ABSTRACT: Molecular dynamics simulations of an archaeal
membrane made up of bipolar tetraether lipids and a dipalmi-
toylphosphatidylcholine (DPPC) lipid membrane were performed
and compared for the first time. The simulated archaeal mem-
brane consists of a pure monolayer of asymmetrical lipids, analo-
gous to the main polar lipid [MPL; Swain, M., Brisson, J.-R.,
Sprott, G.D., Cooper, F.P., and Patel, G.B., (1997) Identification
of β-L-Gulose as the Sugar Moiety of the Main Polar Lipid of Ther-
moplasma acidophilum, Biochim. Biophys. Acta 1345, 56–64]
found in T. acidophilum, an extremophile archaeal organism.
This simulated membrane lipid contains two cyclopentane rings
located on one of the two aliphatic chains of the lipid. The ar-
chaeal membrane is simulated at 62°C, slightly above the opti-
mal growth temperature of T. acidophilum. We compared the or-
ganization of this tetraether lipid monolayer with a DPPC bilayer
simulated at 50°C, both of them being modeled in a partially hy-
drated state. Our results assess the singularity of the tetraether
lipid organization, in particular the influence of the spanning
structure on the molecular ordering within the archaeal mem-
brane.

Paper no. L9811 in Lipids 40, 1023–1030 (October 2005).

Membranes define singular domains where biological
processes may occur. Since this activity is related to life, mem-
branes are not simply a protecting barrier that maintains physi-
ological conditions (unicellular organisms, mitochondria, and
so on) or keeps apart stored compounds (liposomes, chloro-
plasts, and the like). They also contribute to fundamental func-
tions such as the modulation of channel activity (1), which is
involved in molecular and information exchange with the sur-
rounding of this delimited compartment. Consequently, their
study at the molecular level is of great interest to fields directly
related to living processes. Although most of the studied mem-
branes today remain models made up eukaryotic lipids (2),
there is now enough experimental data available in the litera-
ture to attempt to build membrane models representative of less
common supramolecular assemblies such as those found in ex-
tremophile organisms (see for instance Refs. 3–6) and to inves-
tigate their original membrane properties by numerical meth-
ods.

Typically, the archaeal membrane is made of approximately
60% protein, 10% carbohydrate, and 30% ether lipid (instead
of the abundant ester-lipids found elsewhere, see for instance
Refs. 7 and 8 and citations therein). Archaeal lipids consist of
isoprenoid alcohols linked by ether bonds to an sn-glycerol-1-
phosphate. These phytanyl chains contain a methyl group at
every fourth carbon atom in the backbone, and the ether link-
age prevalent in archaeal lipids is chemically far more resistant
to oxidation and high temperature than the ester bond (predom-
inantly found in eukaryotic lipids). In vivo, the distribution of
the membrane lipids is asymmetrical, with most of the phos-
phate groups pointing at the cytoplasm and the sugar moiety
exposed at the outer side of the cell (9,10). However, in the case
of archaeal organisms, the role of neither the head group distri-
bution asymmetry nor the hydrophobic core asymmetry is well
understood yet.

Thermoplasma acidophilum is an archaeal organism (11)
able to colonize extreme media characterized by a high tem-
perature and a low pH (12)—as one could guess from its name.
The optimal growth conditions correspond to a temperature of
55–59°C and a pH range between 1 and 2 (12). Its ability to
maintain physiological conditions in such an extreme environ-
ment is mainly related to its membrane properties, and conse-
quently to the components of its lipidic barrier (3,13,14) (T. aci-
dophilum having no cell wall). The peculiar membrane of T.
acidophilum contains a rich variety of lipids, most of them
(82%) polar. A large part of these lipids are bipolar tetraether
lipids (3,14), the membrane being thus a single monolayer of
lipid. The structure of the most abundant polar component,
MPL (main polar lipid, see Fig. 1) has been recently identified
(15). It is a bipolar tetraether lipid with up to four cyclopentane
rings per aliphatic chain, the two hydrophilic head groups being
a phosphoglycerol and a β-L-gulopyranose.

At high temperatures, the role of archaeal membranes is
maintained by an increasing degree of cyclization of the
aliphatic core, and the membrane composition changes toward
a larger ratio of tetraether lipids vs. diether lipids (16). The
number of cyclopentane rings can vary up to four per aliphatic
chain at high temperature, thus maintaining the membrane flu-
idity, which is a prerequisite for the proper functioning of the
membrane and its embedded supramolecular structures. These
unique physical properties of archaeal lipids are of great inter-
est for biotechnological and pharmaceutical applications
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(3,17,18), and the synthesis of archaeal lipid analogs represents
an exciting challenge (see for instance Ref. 19 and citations
therein).

In a pioneering work (20), two different tetraether lipid
membranes in vacuum were modeled and the effect of cy-
clopentane rings on chain packing investigated. However, very
little information is given on the protocol used in their simula-
tion studies (such as the statistical ensemble used during short
molecular dynamics calculations). Moreover, from the mono-
layer model snapshots presented in their article, their systems
seem to be either trapped in a local minimum or insufficiently
equilibrated: For instance, the top of the figure shows aliphatic
chains almost identical (in position), and head groups are still
placed on an (almost) perfect 4 × 4 matrix, as if only the clos-
est atoms had time to move. In addition, large gaps persist be-
tween head groups. These features are less easy to observe
from the bottom of the snapshot. 

In this work the first significant molecular dynamics study
of a pure archaeal lipid membrane is performed, the aim being
to investigate the organization of membranes made up MPL
analogs. We performed the simulation of two models of hy-
drated membranes. The first is an archaeal membrane contain-
ing two cyclopentane rings located on one of the two aliphatic
chains of the lipid molecule (named T-0–2.7 in this work; see
Fig. 1 caption for explanations on the suggested nomenclature),
simulated at 62°C, slightly above the optimal growth tempera-
ture of T. acidophilum. It is compared with the second mem-
brane model, a dipalmitoylphosphatidylcholine (DPPC) mem-
brane simulated at 50°C. To compare the two membrane mod-
els (DPPC bilayer and archaeal monolayer), simulations have
been performed on the same time scale, which is sufficient for
a correct study of the properties we are interested in. Basically,
our work focuses on the effect of cyclopentane rings and span-
ning aliphatic chains on membrane architecture, more specifi-
cally on the hydrophobic core of the membrane. Herein, no at-
tention has been paid to the influence of the sugar moiety vari-
ability, as experimentally observed, on physical properties of
membranes. This point requires choosing a force field espe-
cially dedicated to oligosaccharide modeling and would require
further work.

We do not pretend that our results can be directly related to
biological archaeal membranes, but we do present evidence of
properties that depend on their peculiar lipid structures. Ar-
chaeal membranes contain a large amount of proteins, which
likely modulate the properties observed from a pure monolayer
in a dramatic fashion.

MOLECULAR DYNAMICS

Molecular dynamics computer simulations were carried out
using the DL_POLY Molecular Simulation Package (21). An
all-atom model was used to describe molecules at an atomic
scale using the potential energy parameter set PARM27 from
the CHARMM package (22). The TIP3P water model (23) was
used in all simulations. Bonds involving hydrogen were held
fixed with the SHAKE algorithm (24), the SHAKE tolerance

being equal to 1.0 × 10−4. Electrostatic interactions were com-
puted using the smooth particle mesh Ewald method (25), with
a precision of 1.0 × 10−6. Our simulations were performed in
the NVT Hoover ensemble (26), i.e., with a constant number
of particles (N), volume (V), and temperature (T). Simulations
were run with periodic boundary conditions. All the simula-
tions were performed using a cutoff radius of 12 Å for the van
der Waals terms. The use of this statistical ensemble makes our
results comparable to constant-area experimental results, based
on pure membranes. A comparison with membranes from ar-
chaeal organisms would at least require a NPγT ensemble (con-
stant normal pressure and surface tension), and the addition of
a substantial amount of proteins.

We have used a three-step protocol to build the hydrated
archaeal membrane model. Initially, a single lipid molecule
stretched along its longer axis was pre-equilibrated in vac-
uum (it is worth noting that each tetraether lipid model is
asymmetrical both with respect to the two different hy-
drophilic head groups and the stereochemistry of each side
of the aliphatic chains). Then, we built our complete models
by placing the lipids on a 6 × 6 grid with carbohydrate head
groups forming one outer side of the membrane, and phos-
phate head groups the other interface, mimicking the asym-
metrical topology found in vivo (9,10), both membrane sur-
faces being parallel to the x–y plane. The length of the simu-
lation box along the z axis is chosen in such a way as to avoid
any point contact between the two membrane interfaces. The
dry lipid monolayer is equilibrated during a few hundred
steps as the time step is gradually increased to 2 fs. Subse-
quently, the box is filled by adding water molecules in such a
way that the system contains 36 lipid molecules and more
than 2,200 water molecules, thus ca. 17,000 atoms and 30
water molecules per lipid head group, which corresponds to
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FIG. 1. One of the proposed molecular structures of a main polar lipid
(MPL) from Thermoplasma acidophilum (15) (top); a dipalmitoylphos-
phatidylcholine (DPPC) lipid (center); and an MPL analog studied in this
paper, T-0–2.7 (bottom). We propose a nomenclature based on the hy-
drophobic core structure: “T” means ”tetraether lipid,” ”0” corresponds
on chain 1 to the methyl position involved in a cyclopentane ring (in
this case no methyl group is part of a ring, thus the value is 0), and ”2.7”
locates the two rings at the second (“2”) and seventh (”7”) methyls of
chain 2, from one head group toward the other one. The labeling “chain
1” and “chain 2” corresponds to the nomenclature used in the refer-
ence article on MPL structure (15).



a (not fully) hydrated membrane (27,28) with at least one
layer of water molecules at each interface.

The lipid area from an MPL membrane placed under a col-
lapse pressure at 8°C is found from surface pressure vs. molec-
ular area experimental measurements to be equal to 73 Å2 (29),
where acyl chains are mainly without cyclopentane rings. With
the aid of the Wilhelmy method, Elferink et al. (30) have stud-
ied tetraether lipids from Sulfolobus acidocaldarius placed
under equivalent conditions, at 22°C, and found a lipid molec-
ular area equal to 82 Å2. In both cases, lipid molecules were at
an air–water interface. The molecular area per lipid used in this
model is reported in Table 1. Since this work is related to an ar-
chaeal lipid comparable to MPL found in T. acidophilum, we
have chosen a T-0–2.7 lipid area close to the one measured by
Strobl et al. (29).

Concerning the DPPC membrane, the protocol is roughly
the same. First, we built a dry monolayer of 6 × 6 lipids. The
size of the grid is set so as to achieve an area per lipid molecule
equal to 61.5 Å2 [close to the experimental value previously
found by Nagle et al. (31)]. The second layer of the membrane
is built by mirroring twice the initial lipid layer with respect to
both the midplane of the membrane and a perpendicular plane
(so that the chirality of the molecule is conserved). The equili-
bration period of the dry membrane following the addition of
water is comparable to that of the archaeal membrane. In such
a way the system contains 2 × 36 lipid molecules, and more
than 2,000 molecules of water, thus approximately 15,000
atoms. Consequently, the DPPC lipid bilayer is modeled in the
liquid-crystal state.

The two complete systems have been equilibrated for
250,000 steps with a time step of 2 fs at 50 and 62°C for the
DPPC and the T-0–2.7 models, respectively. During equilibra-
tion, density profiles and energy convergence of the system
have been monitored. An extra equilibration, roughly equiva-
lent in total elapsed time to the former one, has been performed
for both systems, where various force fields have been com-
pared. Consequently, both systems were completely relaxed be-
fore the production run, as attested by the energy monitoring
(data not shown). Both systems have a positive and nearly
equivalent lateral pressure. After equilibration, we recorded the
dynamics of the system by accumulating coordinates at an in-
terval of 0.1 ps during a period of 0.8 ns for the DPPC bilayer,
and 1 ns for the T-0–2.7 monolayer. This time scale corre-
sponds to the one used in a previous work focusing on hydro-
carbon chain properties related to fluid phase lipid bilayers
(32).

RESULTS AND DISCUSSION

Mass and electronic density profiles. Mass density profiles pre-
sent distributions of atoms or chemical groups along the axis
perpendicular to the membrane plane. The shape of the distrib-
ution provides insights on the membrane internal organization.

Figure 2 displays the total mass density profile and its chem-
ical group components for the two hydrated membrane mod-
els, T-0–2.7 and DPPC. Concerning the latter model, our re-
sults are consistent with data from previous simulations (33),
where the force field used in this work was compared with the
previous set of parameters, both developed by the CHARMM
group (22).This agreement on the structural characteristics of
the aliphatic domain indicates that the simulation time is suffi-
cient to study this domain of the membrane. Compared with
the PC membrane model DPPC, the total density profile of the
archaeal membrane T-0–2.7 differs on at least three points: (i)
the interfacial domain has a lower contribution; (ii) there is no
dip in the midplane of the membrane; (iii) computed on the
same time scale, the T-0–2.7 profile is much rougher.

The discrepancy noticed at the interface might be explained
from the electrostatic nonbonded interaction term. Concerning
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TABLE 1
Simulation Box Parameters, Temperature, and Lipid Molecular Areas
as a Function of the Lipid Molecular Typea

Lipid T-0–2.7 DPPC

Temperature (°C) 62 50
Lx = Ly (Å) 51.6 47.1
Lz (Å) 61.2 69.5
Molecular area (Å2) 74 61.6
aDPPC, dipalmitoylphosphatidylcholine.

FIG. 2. Mass density profiles of the T-0–2.7 (top) and DPPC (bottom)
lipid membranes, 62 and 50°C, respectively. On the tetraether lipid
graph (top), the gulose (peak 5) is located on the right interface, whereas
the phosphate group (peak 4) is on the left one; the two glycerol groups
(peaks 6) link both the phosphate and the gulose to the two aliphatic
chains (dotted line, peak 3), and water (dashed line, peak 2). The total
density profile (peak 1) corresponds to the summation of all the mass
density components. The representation of the total density and the
water density profiles are equivalent on the phosphatidyl lipid graph
(bottom). Concerning the DPPC model, peaks 3 and 4 correspond to
choline and phosphatidyl groups, 5 and 6 to the glycerol and carbonyl
groups, 7 and 8 to ethyl and methyl groups, which are part of the hy-
drophobic core. For abbreviation see Figure 1.
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the PC lipids, electrostatic interactions between head group net
charges are strong, owing to the zwitterionic character of the
PC group (27,28), whether hydroxyl groups (–OH) from ar-
chaeal lipid head group are involved in numerous but weak hy-
drogen bonds. In the DPPC case these electrostatic interactions
contribute to a high head group packing, whereas in the T-0–2.7
case the electrostatic forces build up a hydrogen bond network
between two neighboring head groups, and between each head
group and its surrounding water molecules. The absence in the
total density profile of a dip in the membrane midplane is char-
acteristic of a monolayer made of lipids with spanning aliphatic
chains. A membrane made up of a macrocyclic ether lipid (34)
would likely have a total density profile with a small dip in its
hydrophobic core. However, since no free chain ends would be
present in a pure membrane made of macrocyclic lipids, the
predicted dip should be smaller compared with the one from
PC membranes. The spanning geometry of the tetraether lipids
contributes to another peculiarity of the density profile: All the
components of the profile are represented by a rougher curve
compared with the curve from the PC membrane profile (both
of them being computed during the same time scale). The lipid-
spanning geometry dramatically reduces the molecular dynam-
ics related to the hydrophobic domain and thus necessitates
larger simulation times to achieve comparable accuracy. More-
over, the pure lipid membranes are simulated under a positive
lateral pressure, which contributes to reduce free volumes and
thus molecular motions too. Consequently, the density profiles
of the simulated archaeal membrane monolayers cannot be as
smooth as are the profiles from PC membranes simulated at the
same temperature and on the same time scale.

These discrepancies may induce a diffusion regime of small
solute species in the archaeal membrane that is rather different
from the diffusion process observed in the phosphatidyl mem-
brane (35) and may lower the global diffusion across the mem-
brane. This observation supports experimental measurements
of proton diffusion through archaeal membranes (36,37), ob-
tained from fluorescence monitoring. Those results supported
the role of limited mobility of the midplane hydrocarbon re-
gion in reducing the permeability properties of the lipid mem-
brane.

From the total mass density profile of the T-0–2.7 lipid
membrane we observe two high sharp peaks, each located at
the head group–water interface. They correspond to the sum of
the contributions of the glycerol group, and either the phos-
phate or the gulose moiety, depending on which interface is
represented. Although the interfaces are different in composi-
tion, the thicknesses of the two interfacial domains are compa-
rable, both from the standpoint of the two sides of the archaeal
membrane, and of the archaeal monolayer and the DPPC bi-
layer.

On one hand, our tetraether lipid simulations have been per-
formed at 62°C, thus a few degrees above the optimal T. aci-
dophilum growth temperature, within the liquid-crystal domain
that exists above −20°C (38), and where an “appreciable mem-
brane fluidity” should be noticeable (starting from 20°C below
the growth temperature) (39,40). On the second hand, our ar-

chaeal membrane is a pure monolayer made up two-ring lipids.
Lipid motions are slow compared with PC lipids, mainly owing
to both the lateral methyl groups and the presence of cyclopen-
tane rings. At time and space scales used in our simulations,
this slowness dramatically precludes the observation of the ex-
perimentally evidenced membrane fluidity, but it can be used
to assess the hypothesis drawn from NMR results (6) that a sub-
stantial lateral diffusion is expected from 20°C above the
growth temperature.

Figure 3 displays the electronic density profiles for both the
tetraether (top) and DPPC (bottom) lipid membranes (the water
contribution is not represented on the graphs). As seen on the
mass density profiles, the archaeal hydrophobic core  is made
up of a monolayer of spanning tails, compared with the bilayer
geometry found in PC membranes, thus yielding a constant
value of the electronic density. As we compare the contribution
of each component of the interfacial domain, we notice that the
glycerol distribution is slightly broader in the T-0–2.7 mem-
brane. Moreover, this peak is asymmetrical on the phosphatidyl
group side. This curve shape might be related to the presence of
two cyclopentane groups on the same hydrophilic chain (chain
2). Consequently, chain 2 is shorter than chain 1, necessitating a
tilt (toward the interfacial plane) of at least one glycerol group.
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FIG. 3. Electronic density profiles of the T-0–2.7 (top) and DPPC (bot-
tom) lipid membranes, 62 and 50°C, respectively. On the tetraether
lipid graph (top), gulose (peak 5) is located on the right interface,
whereas the phosphate group (peak 4) is on the left; the two glycerol
groups (peaks 6) link both the phosphate and the gulose to the two
aliphatic chains (dotted line, peak 3). The total density profile (peak 1)
corresponds to the summation of all the electronic density components.
The representation of the total density is equivalent on the phosphatidyl
lipid graph (bottom). Concerning the DPPC model, peaks 3 and 4 cor-
respond to choline and phosphatidyl groups, 5 and 6 to the glycerol
and carbonyl groups, 7 and 8 to ethyl and methyl groups, which are
part of the hydrophobic core. For abbreviation see Figure 1.
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Owing to the relative size of the two interfacial domains (the
sugar moiety is likely larger than the phosphate), motions on the
phosphate side are easier.

Aliphatic chain ordering. The orientations of some moieties
of the lipid molecules, such as the aliphatic chains or the head
groups, can be described by the order parameter of a chain seg-
ment. In the case of the aliphatic chains, we have defined two
complementary parameters. First, we have computed the ori-
entation of carbon chains from the vector defined by the coor-
dinates of the two carbons n and n + 2 belonging to the same
chain. By skipping the n + 1 carbon, the computed orientation
of a chain segment is given without the contribution of the pe-
culiar zigzag conformation of an aliphatic chain. This approach
makes direct comparisons with experiments or other calcula-
tions less obvious, but gives far better statistics. In some cir-
cumstances, it yields higher (or lower) order parameter values,
compared with the Cn − Cn+1 calculation. Second, we have
computed the C–H vector orientation, which can be compared
with the Scd chain parameter obtained from NMR spec-
troscopy. The order parameter reads (Eq. 1):

[1]

where θ is the angle between the vector C–C or C–H and the
interface normal vector. A value close to 1 corresponds to a dis-
tribution of vectors parallel to the normal of the interface,
whereas a distribution of vectors parallel to the membrane
plane yields an order parameter close to −0.5. When the vector
angles are randomly distributed, the order parameter will be
equal to 0 (although an order parameter equal to 0 may also
correspond to a perfectly ordered phase, with a tilt angle distri-
bution centered on 54.7°).

The numbering of atoms in Figures 4 and 5 starts from the
midplane of the molecule, and we assign to the vector the car-
bon number of the atom that defines the origin of the C–H vec-
tor, or the number of the (skipped) n + 1 carbon located be-
tween the (n)–(n + 2) carbon atoms. Only C–C vectors com-
puted from the aliphatic backbone are shown, C–H vectors
involved in cyclopentane rings not being reported in the fig-
ures.

Compared with previous works (33,41), our calculated
DPPC aliphatic chain order parameters are in a good agree-
ment, both with data derived by experiments and by other re-
searchers’ calculations. This allows further investigations on
the archaeal membrane simulated under the same conditions as
the DPPC bilayer, and comments on the results. MPL differs
from the more classical DPPC phospholipid by the spanning
geometry of the lipid within the membrane, and by the pres-
ence of methyl groups or cyclopentane rings on the aliphatic
backbones, plus a few other structural features such as the ether
linkage. Despite their structural discrepancies, the order param-
eter of DPPC lipid embedded in a membrane is similar to those
of monopolar diether lipids and the cyclized macro-cyclic
analogs assembled in a bilayer (34). Consequently, the study of
a tetraether lipid monolayer should lead to conclusions directly
related to the peculiar monolayer organization.

Figures 4 and 5 report the C–C and C–H order parameters
for each simulated membrane. As we compare the two order
parameters between DPPC and T-0–2.7 membranes, we notice
that the archaeal lipid membrane is on the whole much more
ordered within the hydrophobic core of the membrane close to
its midplane, as shown by the large value of its order parame-
ter, whereas in the case of the DPPC membrane, large values
are located on the head group side and the order parameter de-
creases slowly as the carbons approach the midplane. This
major difference can be related both to the presence of methyl
lateral groups in archaeal lipids, which act as spurs located on
the chain backbone, and to the spanning geometry of lipids. Ex-
perimental results dealing with the pressure dependence of
lipid mobility indicate there is no noticeable lateral diffusion in
a tetraether lipid membrane at a temperature 20°C below the
growth temperature (39). In our simulations, we observe a lat-
eral lipid diffusion in neither the T-0–2.7 nor the DPPC mem-
brane. The time scale of the simulation should be at least one
order of magnitude higher than the one used in this calculation.
However, the discrepancies in the shape of curves between Fig-
ures 4 and 5 suggest that local chain motions are smaller in the
case of the T-0–2.7 membrane. Moreover, experimental mea-
surements of the lateral diffusion coefficient of various lipids
show that branching on lipid chains restricts aliphatic segment
motions (37) and prevents kink formation (14). The organiza-
tion of tetraether lipid membranes has been investigated by dif-
ferent experimental techniques (reviewed in Ref. 4). The bipo-
lar lipids are tightly packed and confer to the membrane great
stiffness. However, both theoretical and experimental results

S z z( ) cos ( ) ,= −
1

2
3 12 θ
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suggest that the branched methyl group of the acyl chain does
not contribute to this peculiar tight packing (20,40).

The C–C bonds located at the hydrophobic midplane of the
lipid molecules are in some cases less oriented than the other
C–C bonds. This behavior can be related to the length of the
carbon chains, which depends on both the number of cyclopen-
tane rings per chain and the conformation imposed by the stere-
ochemistry of the carbons involved in the cyclopentane rings.
Cyclization shortens the aliphatic chain (four carbons of the
chain backbone are involved in each cyclopentane), thus the
difference in length of two chains is directly proportional to the
number of cyclopentane rings located on one of the two chains.
Last, the C–C bond vector related to the cyclopentane rings
(see the positions at ±8.5 and ±12.5 on the graphs) does not
have a preferred orientation specific to a peculiar cis or trans
ring substitution.

Moreover, the aliphatic chain orientation is perturbed by the
linkage to the glycerol close to the chain ends, and more espe-
cially the chain end connected to the center of the glycerol. This
suggests that small motions of both phosphate and gulose head
groups induce a slight disorder in the position of the outermost
hydrophobic carbons, and this disorder is consistent with ex-
perimental results. The tight packing of lipids in the membrane
occurs within the hydrophobic core, the hydrophilic head
groups having both a smaller cross-sectional area than the hy-
drophobic core and an ability to tilt and to adopt an optimal ori-
entation depending on the lipid cross-sectional area. This might
no longer be the case when one of the head groups has a cross
section larger than the hydrophobic domain.

Water and lipid molecule orientations. Figure 6 reports the
angle distribution between the main axis of each aliphatic chain
and the normal to the membrane plane. Both of them are
slightly tilted toward the interface (about 10°). Chain 2, being
shortened by the presence of two cyclopentane rings, has an
average position that is more vertical than chain 1, which yields
a two-peak distribution. The angle distributions of chains 1 and
2 can be used to assess the hypothesis of “kink” formation in
chain 1, as suggested by the order parameter of the C–C bond
vectors, close to the membrane midplane. In a case of a mem-
brane made of lipids with equivalent aliphatic chains, one could
predict a tilt distribution centered on a small tilt value.

Because the two interfaces are different in composition, one
could expect discrepancies in the water molecule orientation
close to the interface. First, we have defined the interface posi-
tion from a fit of the water density profile using an error func-
tion (see for instance Ref. 42) and then computed the orienta-
tional parameters of the dipole vector and the vector normal to
the water molecule plane with respect to the membrane nor-
mal. This approach leads to the definition of an averaged posi-
tion of the interface. Consequently, the distribution of water
molecules located at a given distance from the monolayer is
broadened. In Figure 7, the order parameters are given with re-
spect to interfacial position: Negative distances correspond to
the water molecules deeply embedded in the interfacial head
group layer, and positive distances to molecules that are part of
the first two solvation layers. Despite the different composition
of each interface and consequently two different kinds of inter-
actions acting on neighboring water molecules, no discrepan-
cies are noticeable. The water molecule layer is not sufficiently
broad to observe a lowering of the ordering. Water molecules
close to the glucose side are involved in a hydrogen bond net-
work, whereas on the other side, molecules close to the phos-
phate side interact via strong coulombic interactions. A further
study should use a larger water layer. However, the membrane
is partially hydrated with less than 10 Å of water on each inter-
face. A fully hydrated membrane would produce water mole-
cule order parameters vanishing as the distance from the inter-
face is sufficiently high [about 12–14 Å (27)].
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INTERPRETATION

Although our simulations of a tetraether lipid membrane have
been performed at a temperature slightly above the growth tem-
perature, where the lateral diffusion of lipids remains low (6),
our results give an interesting insight to the organization of the
aliphatic core of the membrane. Although results from the
DPPC model are consistent with the literature and thus validate
the simulation parameters, archaeal monolayer behaviors are
rather characteristic of systems with slow dynamics. Fortu-
nately, we focused on the hydrophobic core dynamics, which
is much faster than the head group rotational dynamics.

Basically, the modeled tetraether lipid membrane can be de-
fined as an assembly of tightly packed molecules [we have not
probed in this article u-shaped conformations as suggested
from experimental results (5)], almost parallel to the membrane
normal. The molecular ordering is rather high, likely owing to
both the spanning geometry of the lipid molecules and the pres-
ence of methyl groups and pentacyclic structures. In these sim-
ulations, head groups are sufficiently small (compared with the
aliphatic core cross section) to play a minor role. At tempera-
tures a few degree above the growth temperature, these mem-
brane lipids do not exhibit a significant lateral diffusion, at least
at this time scale.

Last, we would like to emphasize the large diversity of ex-
perimental results found in the literature. Numerous structures
of archaeal lipids (considering both the hydrophobic core and
the head group domains) have been elucidated these last few
years. This proliferation of (sometimes jarring) results makes it
rather difficult to draw generic conclusions and derive physic-
ochemical properties. The present work corresponds to a theo-
retical approach.
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ABSTRACT: The unconjugated bile acids cholic acid, deoxy-
cholic acid, and chenodeoxycholic acid; their glycine and tau-
rine conjugates glycocholic acid, glycodeoxycholic acid, gly-
cochenodeoxycholic acid, taurocholic acid, taurodeoxycholic
acid, and taurochenodeoxycholic acid; and a taurine conjugated
ursodeoxycholic acid, tauroursodeoxycholic acid, were charac-
terized through 1H and 13C NMR in aqueous media under the
physiological pH region (7.4 ± 0.1). Assignments of 1H and 13C
signals of all the bile acids were made using a combination of
several one- and two-dimensional, homonuclear (1H–1H) and
heteronuclear (1H–13C) correlations as well as spectral editing
NMR methods. Stereochemical assignment of the five-membered
ring of the bile acids is reported here for the first time. The com-
plete characterization of various bile acids in aqueous media pre-
sented here may have implications in the study of the pathophys-
iology of biliary diseases through human biliary fluids using NMR
spectroscopy.

Paper no. L9838 in Lipids 40, 1031–1041 (October 2005).

Bile salts constitute an important class of physiological deter-
gents that play a key role in the solubilization of dietary fats,
fat-soluble vitamins, and cholesterol (1,2). The biosynthesis of
bile acids from cholesterol involves many complex enzymatic
steps, of which the microsomal 7α-hydroxylation of choles-
terol appears to be the rate-limiting step (3). Cholic acid (CA)
and chenodeoxycholic acid (CDCA) are the primary bile acids
thus synthesized from cholesterol in the liver (4). These pri-
mary bile acids usually are conjugated to glycine or taurine and
are secreted in the bile (5). In addition, several other deriva-
tives of cholic acid are present in the bile, such as glycine and
taurine conjugated deoxycholic acids (DCA) (5). During en-
terohepatic circulation, primary conjugated bile salts are partly
subjected to deconjugation and dehydroxylation by the cat-

alytic effect of anaerobic bacteria present in the gut (6) and
colon (7,8). The intrinsic surface-active properties of the re-
sulting deconjugated bile acids may have a detrimental effect
on gut epithelial cells and result in a compensatory increase in
the proliferation of crypt cells, which may increase the risk of
colon cancer (9,10). Further, the deconjugation of bile acids
may affect nutrient absorption, resulting in malabsorption syn-
drome (11–13). Inborn errors of bile acid metabolism and
chronic cholestasis have been shown to result in abnormal bile
acid excretion (14). Altered levels of some unconjuated bile
acids have also been implicated in the pathogenesis of both
breast and colorectal cancer (15–19). However, the pathophys-
iology of diseases associated with an abnormal composition of
biliary biochemicals, such as unconjugated and conjugated bile
acids, is not clearly understood.

The methods commonly used for the detection and quantifi-
cation of bile acids in body fluids usually involve tedious steps
such as extraction, hydrolysis, derivatization, and/or purifica-
tion before analyses (20–25). Subsequently, the assay of conju-
gated bile acids is performed by enzymatic methods, GLC, or
HPLC (26,27). The use of MS techniques for circumventing
hitherto known limitations in detecting individual bile acids in
the body fluids has continued to increase (23,28).

The technique of high-resolution NMR spectroscopy is
rapidly developing as an important tool in detecting a large
number of biochemicals in biofluids simultaneously without
any sample pretreatment (29). This approach has immense
potential in the study of dynamic variations of the bodily fluid
metabolites, which has implications for the assessment of the
pathophysiology of diseases and drug toxicity (30). We have
recently proposed a simple method for detecting and accu-
rately quantifying the glycine and taurine conjugated class of
bile acids in human bile using 1H NMR spectroscopy (31),
and further work is in progress to detect individual compo-
nents of conjugated and unconjugated bile acids. Unambigu-
ous assignment of 1H/13C chemical shifts of various bile acids
under physiological conditions is a primary requisite in iden-
tifying individual bile acids in human bile using NMR spec-
troscopy. Although the characterizations of many bile acids
by NMR have been reported (32–36), they are essentially ei-
ther partly assigned or assigned in organic solvents such as
chloroform and methanol. Further, although both 1H and 13C
chemical shift assignments of cholic and deoxycholic acids
in aqueous media have been reported, there are discrepancies
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in the reported assignments (37,38); in many instances, the
reported values differ significantly from the actual values.
Moreover, complete stereochemical assignments of the pro-
tons of the bile acids, specifically of the five-membered ring,
have not been made to date. Thus, we have attempted here to
characterize several unconjugated and conjugated bile acids
using 1H and 13C one-dimensional (1-D) and two-dimen-
sional (2-D) NMR in aqueous media under physiological pH
(7.4 ± 0.1). These results, including the stereochemical as-
signments, are presented herein.

EXPERIMENTAL PROCEDURES

Sodium salts of the unconjugated bile acids CA, DCA, and
CDCA, and their glycine and taurine conjugates glycocholic
acid (GCA), glycodeoxycholic acid (GDCA), glycochen-
odeoxycholic acid (GCDCA), taurocholic acid (TCA), tau-
rodeoxycholic acid (TDCA), taurochenodeoxycholic acid
(TCDCA), and tauroursodeoxycholic acid (TUDCA), as well
as deuterium oxide (99.9%) and methanol-d4 were purchased
from Sigma-Aldrich (Milwaukee, WI). Hydrochloric acid and
sodium hydroxide were obtained from Qualigens Fine Chemi-
cals (Mumbai, India). Solutions of 0.01 N DCl and 0.01 N
NaOD were prepared by dissolving an appropriate quantity of
HCl/NaOH in D2O to adjust the pH of the bile salt solutions.

Bile salt solutions.  Solutions of the sodium salts of bile
acids CA, DCA, and CDCA were prepared by dissolving 10
mg of the respective bile acid in 0.5 mL D2O at an alkaline pH
of about 11, and the pH was then slowly brought down to 7.4
by adding 0.01 N DCl. Solutions of salts of the conjugated bile
acids GCA, GDCA, GCDCA, TCA, TDCA, TCDCA, and
TUDCA were prepared by dissolving 10 mg of the respective
sodium salt in 0.5 mL D2O and the pH was adjusted to 7.4
using 0.01 N NaOD. The pH of the solutions was measured
using Thermo Orion model 520 A+ pH meter (Beverly, MA)
after calibrating the system with standard buffers. The pH
meter readings were measured without correcting for the deu-
terium isotope effect.

NMR experiments.  NMR experiments on bile salt solutions
(0.5 mL each) taken in 5-mm NMR tubes were performed on a
Bruker Biospin Avance 400 NMR spectrometer (1H frequency
= 400.13 MHz, 13C frequency = 100.62 MHz) at 298 K using
5-mm broad-band or broad-band inverse probe heads equipped
with shielded z-gradient and XWIN-NMR software, version
3.5 (Zürich, Switzerland). A reusable capillary tube containing
35 µL of 0.375% TSP [sodium salt of 3-(trimethylsilyl)propi-
onicacid-d4] in D2O was inserted into the NMR tube before ob-
taining NMR spectra. 1-D 1H spectra were obtained using one
pulse sequence with the residual water signal suppressed by
presaturation during the relaxation delay. The parameters used
were spectral width, 4800 Hz; time domain data points, 32 K;
flip angle, 45°; relaxation delay, 6 s; spectrum size, 32 K points;
and line broadening, 0.2 Hz. 1-D 13C spectra were obtained
using one pulse sequence, spin-echo FT (SEFT), and quater-
nary carbon detection (QCD) (39) sequences with proton de-
coupling using WALTZ-16 composite pulses. To study the con-

centration effect on the chemical shift, 13C SEFT spectra were
obtained at four different concentrations (5, 15, 30, and 50
mM) for one of the bile acids (CA). The typical parameters
used for 13C experiments were: spectral width, 24000 Hz; data
points, 32 K; flip angle, 90°; relaxation delay, 3 s; spectrum
size, 32 K points; and line broadening, 3 Hz.

Homonuclear and heteronuclear 2-D experiments, such as
1H–1H double-quantum filtered COSY (DQF-COSY),
1H–13C sensitivity-enhanced (by preservation of equivalent
pathways using gradients) and multiplicity-edited heteronu-
clear single-quantum correlation (edited HSQC), and 1H–13C
gradient-enhanced heteronuclear multiple bond correlation
(HMBC) experiments, were performed for all the bile acids.
Nuclear Overhauser enhancement spectroscopy (NOESY)
experiments were performed for CA, DCA, CDCA, and
TUDCA. All 2-D experiments were performed at 298 K with
the residual water signal suppressed by presaturation during
relaxation delay and, in the case of the NOESY experiment,
the residual water signal was also suppressed during mixing
time. For DQF-COSY and NOESY, a sweep width of 4800
Hz was used in both dimensions and 512 free induction de-
cays (FID) were obtained with t1 increments, each with 2,048
complex data points. The number of transients and the relax-
ation delay used were 32 and 2.5 s for DQF-COSY, and 64
and 1.5 s for NOESY, respectively. NOESY spectra were ob-
tained at five different mixing times (200, 300, 400, 450, and
500 ms) to obtain unambiguous stereochemical assignments.
Phase-sensitive data were obtained using the time-propor-
tional phase increment method.

For 1H–13C multiplicity-edited HSQC and HMBC experi-
ments, spectral widths of 4800 and 24000 Hz were used in the
1H and 13C dimensions, respectively. Five hundred twelve
FID were collected with t1 increments, each of 2048 data
points, 32 transients, and 2-s recycle delays. Phase-sensitive
data for the edited HSQC experiment were obtained using the
echo–antiecho mode, whereas for the HMBC experiment,
magnitude mode data were obtained. The resulting 2-D data
were zero filled to 1,024 points in the t1 dimension and dou-
ble Fourier transformed after multiplying by a squared sine-
bell window function shifted by π/2 along both the dimen-
sions.

For further confirmation of the stereochemical assignments
of the protons, particularly of the five-membered ring, 1-D nu-
clear Overhauser enhancement (nOe) experiments were also per-
formed on CA, DCA, CDCA, and ursodeoxycholic acid
(UDCA) in methanol-d4. The nOe on the proximal protons was
monitored from the difference spectrum of on- and off-resonance
irradiation of H18 methyl protons. The parameters used were:
spectral width, 4085 Hz; time domain data points, 32 K; flip
angle, 90°; relaxation delay, 2 s; irradiation time, 3 s; spectrum
size, 32 K points; and exponential line broadening, 0.3 Hz.

RESULTS

Assignment of 1H chemical shifts.  Figure 1 shows structures of
the bile acids used in the present study and the numbering of
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1H/13C nuclei along with some stereochemical representations.
1H spectra of all the bile acids were similar, with severe overlap
of most of the signals, especially in the regions between 1.0 and
2.3 ppm. H18, H19 (both singlets), and H21 methyl signals (dou-
blets) were, however, distinctly observed between 0.6 and 1.0
ppm in all the bile acids. The protons H3β, H7β/α, and H12β,
which are geminal to the hydroxyl groups, were shifted down-
field (in the range of about 3.5–4 ppm) away from rest of the sig-
nals and clearly separating from one another. In the conjugated
bile acids, however, one or more of these signals overlapped with
those arising from the H25 protons of the conjugated glycine or
taurine (Fig. 1).

DQF-COSY spectra of all the bile acids showed cross peaks
attributable to geminal proton–proton J couplings (two-bond
couplings in methylene protons) as well as to vicinal (three-
bond) proton–proton J couplings (Fig. 2). The intensities of the
cross peaks greatly varied depending on the magnitude of the J
couplings. For example, as seen in Figure 2 for CA, H3β
showed strong cross peaks with H2α and H4α because of the
large J couplings, whereas it showed very weak cross peaks
with H2β and H4β because of the small J couplings (40). By

carefully tracing the cross peak positions along both the fre-
quency dimensions, tentative assignments of all the cross peaks
in each DQF-COSY spectrum were made. Well-separated sig-
nals of H3β, H7β/α, and/or H12β served as good starting
points for making these assignments.

The multiplicity-edited HSQC spectra were immensely use-
ful in unraveling the overlapping signals through one-bond
13C–1H correlations. These 2-D spectra showed negative cross
peaks for the CH and CH3 groups and positive cross peaks for
the CH2 groups (Fig. 3). Negative peaks corresponding to three
methyl groups, 18, 19 and 21, were identified based on their
distinct 1H signals identified from proton 1-D spectra. Subse-
quently, the cross peaks in the severely overlapped regions
(1.0–2.3 ppm) arising from CH (negative peaks) and CH2 (pos-
itive peaks) groups were distinguished based on the sign of the
cross peaks. This resulted in the identification of all the CH,
CH2, and CH3 groups for each bile acid molecule. Further, for
each CH2 group, two cross peaks were seen along the 13C di-
mension, attributable to the difference in the chemical shifts of
the two methylene protons (α and β). In Figure 3, these are
shown by joining each pair of cross peaks by horizontal dashed
lines. However, the C11 methylene group in CA, DCA, and
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FIG. 1. Structures and numbering of 1H/13C of conjugated and unconjugated bile acids. The numbering of the pro-
ton(s) is same as that of the corresponding directly attached carbon. The orientations of some important substitu-
tions are marked with respect to the plane of the ring (dashed wedge: α substitution; solid wedge: β substitution).



their conjugated derivatives (GCA, TCA, GDCA, and TDCA)
showed a single cross peak, indicating that their C11 methyl-
ene protons were degenerate. Using the assignments from the
edited HSQC spectra, the tentative proton assignments of the
DQF-COSY spectra were confirmed for all the bile acids ex-
cept the stereochemical assignment of CH2 protons.

Stereochemical assignments for the ring methylene protons
were made based on the relative nOe cross peak intensity in 2-
D NOESY and/or 1-D nOe spectra. The nOe for the proximal
protons was higher when the two protons lay on the same side
of the ring; the enhancement was either absent or lower when
the protons were on opposite sides of the ring. This is briefly
illustrated in Figure 4 using 1-D nOe spectra for CA, DCA,
CDCA, and UDCA. One can see that when the H18 methyl
proton signals were irradiated, no nOe was seen for the 15α
and 16α protons, indicating that H18 protons were on the op-
posite side of the 15α and 16α protons. On the other hand, ir-
radiation of the H18 methyls showed distinct enhancement for
H15β and H16β protons indicating that H18, H15β and H16β
were all on the same side of the ring. The assignments thus

made for all the methylene protons are marked for a typical bile
acid (CA) in Figure 2.

Assignment of 13C chemical shifts. Carbon signals were
grouped according to their multiplicity using SEFT spectra (which
showed positive signals for quaternary and CH2 carbons, and neg-
ative signals for CH and CH3 carbons) and edited HSQC spectra
(positive cross peaks for CH2 carbons; negative cross peaks for
CH and CH3 carbons). Further, all quaternary carbons were un-
ambiguously assigned using the spectra from QCD experiments,
which showed signals from only quaternary carbons (39). Subse-
quently, individual assignment of all the carbons was made from
the combination of multiplicity-edited HSQC and HMBC spec-
tra. Each proton in the HMBC spectra showed cross peaks to car-
bons that were up to three bonds away. A typical 2-D spectrum of
HMBC for the bile acid, CA is shown in Figure 5 along with most
of the assignments. Figure 6 shows 1-D 13C spectra for all the bile
acids analyzed, marking the assignment of individual carbon sig-
nals. The maximum variation of the 13C chemical shift for any
carbon determined for a typical bile acid, CA, when the concen-
tration was varied from 5–50 mM was about 0.35 ppm.
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FIG. 2. 1H–1H double-quantum filtered COSY spectrum of cholic acid obtained on a Bruker
Biospin Avance 400 MHz spectrometer, along with the stereospecific assignments of most of
the cross peaks.



Complete 1H and 13C chemical shifts determined from the
analyses of all the conjugated and unconjugated bile acids are
given in Tables 1–3.

DISCUSSION

The pKa of unconjugated bile acids is significantly high com-
pared with conjugated bile acids (41). Therefore, unconjugated
bile acids are not readily soluble in aqueous media under phys-
iological pH, unlike conjugated bile acids. To circumvent this
problem, we dissolved the unconjugated bile acids in D2O after
increasing the pH to about 11, and the pH was subsequently
brought slowly down to 7.4. All the unconjugated bile acids
and their glycine and taurine conjugates have similar struc-
tures; hence, the 1H and 13C spectra are similar, with several

partially or severely overlapping regions. As seen from Tables
1–3, all the chemical shifts in the glycine/taurine conjugated
bile acids were similar to the corresponding unconjugated bile
acids except in the vicinity of conjugation, as expected, at po-
sitions C22, C23, and C24. However, depending on the pattern
of substitution at the C3, C7, or C12 positions, 1H and 13C
chemical shifts varied significantly at and in the vicinity of sub-
stitutions. The substitutions resulted in changes in the 13C
chemical shift of even the distant carbons by as much as 9 ppm.
For example, the C17 carbon shifted downfield by about 9 ppm
upon dehydroxylation at the C12 carbon position, and the C9
carbon shifted downfield by about 7 ppm upon dehydroxyla-
tion at the C7 carbon position (Tables 1–3). Thus, substitution
effects considerably extended to relatively distant nuclei. Such
differences in the chemical shifts may play a key role in the
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FIG. 3. Sensitivity-enhanced, multiplicity-edited 1H-13C heteronuclear single-quantum corre-
lation spectrum of cholic acid obtained on a Bruker Biospin Avance 400 MHz spectrometer,
along with the assignments of all the protons and proton-attached carbons. For clarity, CH and
CH3 cross peaks are shown as dark, continuous contours, whereas CH2 cross peaks are shown
as light, discontinuous contours. Wherever methylene protons are chemically different (non-
degenerate), two distinct cross peaks were observed, corresponding to Hα and Hβ protons
(each pair of cross peaks is joined by dashed lines). Traces of the one-dimensional (1-D) 1H
spectrum and 13C spin-echo FT spectrum (CH and CH3 negative and C and CH2 positive) are
also shown.



identification of individual bile acids in biological fluids from
NMR.

Several reports have provided partial or complete assign-
ments of 1H and/or 13C chemical shifts of several conjugated
and unconjugated bile acids (32–36). However, these were
characterized in organic solvents; hence, the chemical shifts
are significantly different from those in aqueous media, obvi-
ously arising from solvent effects. In the cases in which the
characterization is reported in aqueous media (CA and DCA),
the assignments are either incomplete or the values differ sig-
nificantly with respect to each other (37,38) and with the pre-
sent study. For example, in CA, the chemical shifts of C3,
C19, C21, C23, and C24 were 69.4, 17.5, 22.7, 35.4, and
185.5 ppm (37) compared with the values of 74.41, 24.92,
19.57, 37.3, and 187.24 ppm, respectively, determined in the
present analysis under similar conditions. Similarly, chemical

shifts of C2, C7, C17, and C22 were 34.55, 70.31, 48.42, and
37.54 ppm (38) compared with the values of 32.05, 71.12,
49.39, and 35.11 ppm, respectively. It may be noted that the
comparison of carbon chemical shifts of this bile acid ob-
tained in the present study at different concentrations (5, 15,
30, and 50 mM) showed that the maximal variation in the
chemical shift for any carbon was not more than 0.35 ppm
throughout the concentration range; the concentrations in-
cluded in this study covered the range below and above the
CMC (38). Therefore, we ruled out that a concentration ef-
fect or micelle formation could have resulted in significant
variation of the 13C chemical shifts.

We have made unambiguous stereochemical assignments
of the methylene protons making use of 2-D NOESY and 1-
D nOe experiments. The assignment of methylene protons of
all three six-membered rings of bile acids were in line with
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FIG. 4. Parts of 1-D nuclear Overhauser enhancement (nOe) spectra, in deuterated methanol, obtained by saturat-
ing H18 methyl protons of the bile acids cholic acid (CA), deoxycholic acid (DCA), chenodeoxycholic acid (CDCA),
and ursodeoxycholic acid (UDCA). The nOe effect for H15β and H16β protons (marked as 15β and 16β), in addi-
tion to other proximal β protons (as marked), are clearly seen, indicating that these are on the same side of the ring
as H18 methyl protons. However, the nOe is clearly absent for H15α and H16α protons (marked as 15α and 16α),
indicating that these are on the opposite side of H18 methyl protons. For other abbreviation see Figure 3.



those already reported (37). Because of the overlap of 15α/β
and 16α/β protons with other signals, stereochemical assign-
ments of the H15 and H16 methylene protons could not be
made unambiguously from the spectra in aqueous media.
Therefore, to confirm these assignments, we used a deuter-
ated methanol solvent, which provided resolved signals for
the H15 and H16 methylene protons. The presence of nOe for
15β and 16β and the absence of nOe for 15α and 16α upon
saturation of H18 methyls clearly distinguished between the
α and β protons in all the bile acids studied (Fig. 4). Our
analyses revealed that H15α and H15β assignments were in-
terchanged earlier (37). The stereochemical assignments
made here on five-membered rings are further supported by
recent studies on similar molecules, 17β-estradiol, 17β-hy-
droxyandrosta-1,4-dien-3-one, (17α,20E)-(p-trifluoromethyl-
phenyl)vinylestradiol, and (17α,20E)-(o-trifluoromethyl-
phenyl)vinylestradiol (42–44).

The strategies adopted for the assignments of 1H and 13C
chemical shifts for all the bile acids are displayed here through
a set of completely assigned 1H–1H and 1H–13C 2-D spectra
for a typical bile acid, CA (Figs. 2, 3, and 5). In addition, 1-D
carbon spectra are shown for all the bile acids, marking com-
plete assignments (Fig. 6). Thus, the combined analysis of a
several 1-D and 2-D spectra for each bile acid, together with 1-
D and 2-D nOe studies, resulted in reliable chemical shift and
stereochemical assignments.

Thus, we have presented here a complete and unambigu-
ous analysis of 1H and 13C NMR spectra of several unconju-
gated and conjugated bile acids that occur in biofluids using
the combination of various 1-D and 2-D experiments in aque-
ous media near the conditions of physiological pH. In addi-
tion, for the first time, we have made unambiguous stereo-
chemical assignments of the five-membered-ring methylene
protons of H15 and H16. The characterization of bile acids is
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FIG. 5. Typical heteronuclear multiple-bond correlation spectrum of CA, obtained on a Bruker
Biospin Avance 400 MHz spectrometer, along with the assignments of a number of cross peaks
arising from one-, two-, or three-bond proton–carbon couplings. Cross peaks attributable to
one-bond proton–carbon coupling for 9, 12, 18, 19, and 21 are joined by horizontal dashed
lines. 1-D 1H and 13C spectra are also shown on the top and left side of the 2-D spectrum, re-
spectively.



primarily aimed at the identification of individual unconju-
gated and conjugated bile acids in the biofluids, such as gall-
bladder bile and intestinal fluids, using NMR spectroscopy.
Unless reliable chemical shifts are established under physio-
logical conditions, it is not possible to attempt identification
of individual bile acids in biological fluids through NMR

spectroscopy. Therefore, we have first attempted to com-
pletely characterize both 1H and 13C NMR spectra of several
bile acids that occur commonly in the biological fluids. The
data presented herein may be invaluable for the study of the
pathophysiology of diseases associated with abnormal bile
acid metabolism using NMR spectroscopy.
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FIG. 6. 1-D 13C spectra of all the bile acids characterized by NMR: CA, glycocholic acid
(GCA), taurocholic acid (TCA), DCA, glycodeoxycholic acid (GDCA), taurodeoxycholic acid
(TDCA), CDCA, glycochenodeoxycholic acid (GCDCA), taurochenodeoxycholic acid
(TCDCA), and tauroursodeoxycholic acid (TUDCA). All the carbon assignments are marked.
C25 and/or C26 chemical shifts arising from the conjugated glycine or taurine are marked as
G or T in parenthesis, respectively. For other abbreviations see Figures 3 and 4.
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TABLE 1
1H and 13C Chemical Shifts of Cholic Acid, Glycocholic Acid, and Taurocholic Acid in Aqueous Media (D2O) at pH 7.4 ± 0.1

Cholic acid Glycocholic acid Taurocholic acid

Proton Proton Proton

No. Type Carbon α β Type Carbon α β Type Carbon α β

1 CH2 37.69 1.80 0.99 CH2 37.66 1.80 1.00 CH2 37.74 1.80 0.99
2 CH2 32.05 1.38 1.65 CH2 32.06 1.39 1.66 CH2 32.06 1.38 1.65
3 CH 74.41 — 3.48 CH 74.43 — 3.49 CH 74.39 — 3.47
4 CH2 41.18 2.07 1.70 CH2 41.20 2.07 1.70 CH2 41.19 2.08 1.70
5 CH 43.93 — 1.44 CH 43.90 — 1.44 CH 43.95 — 1.43
6 CH2 36.67 1.55 1.97 CH2 36.68 1.55 1.97 CH2 36.74 1.55 1.94
7 CH 71.12 — 3.89 CH 71.13 — 3.89 CH 71.04 — 3.87
8 CH 42.09 — 1.58 CH 42.06 — 1.59 CH 42.16 — 1.55
9 CH 29.17 2.13 — CH 29.18 2.12 — CH 29.18 2.14 —

10 C 37.19 — — C 37.18 — — C 37.22 — —
11 CH2 30.52 1.59 1.59 CH2 30.54 1.59 1.59 CH2 30.62 1.57 1.57
12 CH 75.98 — 4.05 CH 75.94 — 4.05 CH 75.84 — 4.03
13 C 48.93 — — C 48.95 — — C 48.96 — —
14 CH 44.33 1.82 — CH 44.36 1.83 — CH 44.33 1.84 —
15 CH2 25.76 1.71 1.12 CH2 25.73 1.71 1.12 CH2 25.78 1.72 1.09
16 CH2 30.06 1.95 1.31 CH2 30.04 1.96 1.29 CH2 30.09 1.95 1.26
17 CH 49.39 1.72 — CH 49.21 1.74 — CH 49.10 1.74 —
18 CH3 14.94 0.71 CH3 14.91 0.71 CH3 14.99 0.69
19 CH3 24.92 0.90 CH3 24.90 0.91 CH3 24.99 0.90
20 CH 38.32 1.41 CH 37.95 1.44 CH 37.96 1.41
21 CH3 19.57 0.98 CH3 19.50 1.00 CH3 19.51 0.99
22 CH2 35.11 1.36, 1.72 CH2 34.37 1.43, 1.77 CH2 34.38 1.41, 1.73
23 CH2 37.30 2.23, 2.09 CH2 35.29 2.36, 2.23 CH2 35.39 2.32, 2.18
24 C 187.24 — C 180.02 — C 180.05 —
25 CH2 46.13 3.74 CH2 37.88 3.56
26 C 179.54 — CH2 52.69 3.07
27 NH — 7.86 NH — 7.96

TABLE 2
1H and 13C Chemical Shifts of Deoxycholic Acid, Glycodeoxycholic Acid, and Taurodeoxycholic Acid in Aqueous Media (D2O) at pH 7.4 ± 0.1

Deoxycholic acid Glycodeoxycholic acid Taurodeoxycholic acid

Proton Proton Proton

No. Type Carbon α β Type Carbon α β Type Carbon α β

1 CH2 37.96 1.80 0.98 CH2 38.17 1.81 0.98 CH2 38.20 1.80 0.97
2 CH2 32.01 1.40 1.68 CH2 32.02 1.42 1.69 CH2 32.02 1.40 1.67
3 CH 74.25 — 3.63 CH 74.21 — 3.63 CH 74.24 — 3.62
4 CH2 38.09 1.80 1.53 CH2 37.98 1.81 1.54 CH2 38.12 1.80 1.52
5 CH 44.90 — 1.44 CH 44.93 — 1.44 CH 44.93 — 1.42
6 CH2 29.93 1.34 1.86 CH2 30.00 1.34 1.85 CH2 30.01 1.31 1.84
7 CH2 28.90 1.46 1.23 CH2 28.99 1.45 1.23 CH2 28.99 1.42 1.22
8 CH 38.81 — 1.42 CH 38.87 — 1.44 CH 38.89 — 1.42
9 CH 36.23 1.82 — CH 36.22 1.85 — CH 36.24 1.82 —

10 C 36.74 — — C 36.77 — — C 36.78 — —
11 CH2 31.09 1.55 1.55 CH2 31.14 1.55 1.55 CH2 31.21 1.53 1.53
12 CH 76.04 — 4.06 CH 75.85 — 4.05 CH 75.85 — 4.03
13 C 49.01 — — C 49.06 — — C 49.07 — —
14 CH 50.63 1.58 — CH 50.60 1.61 — CH 50.63 1.59 —
15 CH2 26.54 1.66 1.08 CH2 26.60 1.67 1.07 CH2 26.60 1.65 1.05
16 CH2 30.36 1.94 1.30 CH2 30.42 1.95 1.27 CH2 30.42 1.92 1.22
17 CH 49.37 1.72 — CH 49.13 1.77 — CH 49.16 1.75 —
18 CH3 15.39 0.72 CH3 15.42 0.72 CH3 15.42 0.70
19 CH3 25.76 0.94 CH3 25.83 0.94 CH3 25.84 0.92
20 CH 38.61 1.42 CH 38.36 1.44 CH 38.33 1.42
21 CH3 19.54 0.99 CH3 19.47 1.02 CH3 19.51 0.99
22 CH2 35.10 1.38, 1.71 CH2 34.37 1.46, 1.74 CH2 34.39 1.42, 1.71
23 CH2 37.28 2.26, 2.09 CH2 35.33 2.39, 2.21 CH2 35.53 2.33, 2.16
24 C 187.04 — C 179.67 — C 179.79 —
25 CH2 46.19 3.75 CH2 37.95 3.56
26 C 179.44 — CH2 52.69 3.07
27 NH — 7.83 NH — 7.92
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ABSTRACT: Investigations of storage lipid synthesis in develop-
ing flaxseed (Linum usitatissimum) provide useful information for
designing strategies to enhance the oil content and nutritional
value of this crop. Lipid content and changes in the FA composi-
tion during seed development were examined in two cultivars of
flax (AC Emerson and Vimy). The oil content on a dry weight
basis increased steadily until about 20 d after flowering (DAF).
The proportion of α-linolenic acid (α-18:3, 18:3cis∆9,12,15) in
TAG increased during seed development in both cultivars while
the proportions of linoleic acid (18:2cis∆9,12) and saturated FA
decreased. The developmental and substrate specificity charac-
teristics of microsomal DAG acyltransferase (DGAT, EC 2.3.1.20)
and lysophosphatidic acid acyltransferase (LPAAT, EC 2.3.1.51)
were examined using cultivar AC Emerson. The maximal acyl-
transferase specific activities occurred in the range of 8–14 DAF,
during rapid lipid accumulation on a per seed basis. Acyl-CoA of
EPA (20:5cis∆5,8,11,14,17) or DHA (22:6 cis4,7,10,13,16,19) were in-
cluded in the specificity studies. DGAT displayed enhanced
specificity for α-18:3-CoA, whereas the preferred substrate of
LPAAT was 18:2-CoA. Both enzymes could use EPA- or DHA-
CoA to varying extents. Developing flax embryos were able to
take up and incorporate these nutritional FA into TAG and other
intermediates in the TAG-formation pathway. This study suggests
that if the appropriate acyl-CoA-dependent desaturation/elonga-
tion pathways are introduced and efficiently expressed in flax,
this may lead to the conversion of α-18:3-CoA into EPA-CoA,
thereby providing an activated substrate for TAG formation.

Paper no. L9792 in Lipids 40, 1043–1049 (October 2005).

The formation of TAG is known to occur via the Kennedy or
sn-glycerol-3-phosphate (G3P) pathway catalyzed by mem-
brane-bound enzymes of the endoplasmic reticulum (1–3). The
pathway involves the sequential acyl-CoA-dependent acyla-
tion of the glycerol backbone beginning with G3P. The acyl-
CoA used in this process are produced through the esterifica-
tion of CoA to FFA, leaving the plastid (4). Further modifica-
tion of the fatty acyl composition of the cytoplasmic acyl-CoA

pool may occur via acyl-CoA elongation in the endoplasmic
reticulum, acyl-exchange between phospholipids and the acyl-
CoA pool for desaturation, or through liberation of FA from
phospholipids, which in turn could be re-esterified with CoA
(3). The first and second acylations in the G3P pathway are cat-
alyzed by sn-glycerol-3-phosphate acyltransferase (EC
2.3.1.15) and lysophosphatidic acid acyltransferase (LPAAT,
EC 2.3.1.51), respectively. The phosphate group is removed
prior to the final acylation, which is catalyzed by DAG acyl-
transferase (DGAT, EC 2.3.1.20). The level of DGAT activity
in the developing seed may exert a substantial effect on the
flow of carbon into TAG (5–7). Studies with developing seeds
of Brassica napus have indicated that the activities of the three
acyltransferases operating in the mainstream of TAG synthesis
reach a maximum during the active phase of oil accumulation
(8,9). Although TAG biosynthesis has been studied extensively
in a number of oilseeds (3), investigations with flax have been
limited (10–15). The current study has examined the character-
istics of oil accumulation and the final two acyltransferases of
the G3P pathway in developing flaxseed. Given the recent in-
terest in developing a higher plant-based source of EPA
(cis20:5∆5,8,11,14,17) or DHA (cis22:6∆4,7,10,13,16,19) (14,16–18),
this study also examined the ability of flax acyltransferases to
accommodate these nutritional FA.

EXPERIMENTAL PROCEDURES

Chemicals and reagents. [1-14C]18:1 (56 mCi mmol−1) and [1-
14C]18:2 (55 mCi mmol−1) were obtained from Amersham
Canada Ltd. (Baie d’Urfé, Québéc, Canada). [1-14C]EPA (55.6
mCi mmol−1) and [1-14C]α-18:3 (52 mCi mmol−1) were ob-
tained from NEN Life Science Products, Inc. (Boston, MA). [1-
14C]DHA (56 mCi mmol−1), unlabeled FA, and most other bio-
chemicals were obtained from Sigma-Aldrich Canada Ltd.
(Oakville, Ontario, Canada) and were of the highest purity avail-
able. Radiolabeled fatty acyl-CoA thioesters were synthesized
enzymatically (19). sn-1,2-Diolein was from Avanti Polar Lipids
Inc. (Alabaster, AL). EcoliteTM(+) biodegradable scintillant was
from ICN Biomedicals (Irvine, CA). Fertigplatten Kieselgel 60
HPTLC plates were from E. Merck (Darmstadt, Germany).
Merck Silica Gel 60 H was from VWR Canlab (Missisauga, On-
tario, Canada). Inorganic salts and HPLC-grade solvents were
obtained from BDH Inc. (Toronto, Ontario, Canada). Standard
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FAME were from Nu-Check-Prep Inc. (Elysian, MN) and
Sigma-Aldrich Canada Ltd.

Growth of plants. Flax (Linum usitatissimum L. cvs. AC
Emerson and Vimy) was grown under greenhouse conditions
at ambient room temperature. Seeds were planted in 10-cm di-
ameter pots containing Metro Mix soil (Greenleaf Products
Inc., Calgary, Alberta, Canada) and 3 mL Nutricote 14–14–14
fertilizer (Type 140; Greenleaf Products Inc.). Plantlets were
transferred to 20-cm pots, and additional soil and fertilizer were
added. The soil was watered daily and the plants were exposed
to a 16 h light/8 h dark photoperiod. Individual flowers were
tagged at anthesis, and the developing capsules were harvested
on ice at varying days after flowering (DAF). Capsules con-
taining the seeds were flash-frozen in liquid N2 and stored at
–80°C until needed.

Lipid extraction, TAG isolation, and FAME analysis. Ap-
proximately 0.25 g of seed was placed in a preweighed test tube
at 80°C for 24 h and the net dry weight was determined. Lipids
were extracted using a hexane/isopropanol method (20) to de-
termine total lipids (TL) gravimetrically. The TL were then dis-
solved in hexane to give a concentration of 4 mg mL−1. A 50-
µL aliquot was placed in a vial and dried under N2. A second
aliquot was spotted onto a Fertigplatten Kieselgel 60 plate and
developed in one ascension of hexane/diethyl ether/acetic acid
(80:20:1, by vol) with TAG as a standard. The silica gel con-
taining TAG was scraped into a second vial. Methylation was
adapted from methods described by Browse et al. (21). To both
the TL and TAG samples, 5 µL of trinonadecanoin was added
as an internal standard, followed by 3 mL of methanolic HCl
prepared by the method described by Christie (22). Methyla-
tion was allowed to progress overnight at 50°C. Following the
addition of 0.25 mL of water, FAME were extracted twice with
5-mL portions of hexane. FAME representing TL and TAG
were analyzed using a Model 5890 Hewlett-Packard gas chro-
matograph equipped with a J & W Scientific 30-m DBR-23 nar-
rowbore column (Chromatographic Specialties, Brockville,
Ontario, Canada) according to the method of Pomeroy et al.
(23). Helium was used as a carrier gas at a flow rate of 12 mL
min−1. After 5 min, the temperature was ramped from 180 to
230°C at a rate of 2°C min−1. The retention times of peaks were
compared with FAME standards. The percentages of each were
determined from the ratio of peak area to the total area.

Microsome preparation. Maturing flaxseed was ground with
liquid N2 in a chilled mortar and pestle using 25 mL of grind-
ing buffer (0.2 M Hepes-NaOH, pH 7.4, containing 0.5 M su-
crose) per gram of seed. The homogenate was then centrifuged
at 10,000 × g for 1 h at 4°C. The supernatant was filtered
through a layer of cheesecloth and spun at 100,000 × g for 1 h
at 4°C in an ultracentrifuge. The pellet was then resuspended
in 10 mM Hepes-NaOH, pH 7.4, and spun at 100,000 × g for 1
h at 4°C. The pellet was resuspended in a volume equivalent to
one-tenth of the original tissue mass using 10 mM Hepes-
NaOH, pH 7.4. Microsomes were divided into small aliquots,
flash-frozen in liquid N2, and stored at –80°C.

Enzyme assays and protein determination. DGAT activity
was assayed based on some modifications of previous proto-

cols (24,25). The standard reaction mixture (60 µL) consisted
of 0.2 M Hepes-NaOH buffer (pH 7.4) containing 0.15 mg
BSA mL−1, 20 mM MgSO4, 330 µM sn-1,2-diolein in 0.2%
(wt/vol) Tween 20, 15 µM [1-14C] oleoyl-CoA (56 mCi mmol−
1), and microsomal protein (80–120 µg). The reaction was ini-
tiated by the addition of microsomes (10 µL), allowed to pro-
ceed for 60 min at 30°C in a shaking water bath, and terminated
with 10 µL of 5% (wt/vol) SDS. A 50 µL aliquot of each reac-
tion mixture was spotted directly onto a Silica Gel 60 H prepar-
ative TLC plate and allowed to air dry. The TLC plate was then
developed in hexane/ether (80:20, vol/vol) with a TAG stan-
dard. Following TLC, the TAG standard was visualized with a
stream of iodine. Sections of silica containing TAG were
scraped into scintillation vials, combined with 5 mL Ecolite(+),
and assayed for radioactivity in a liquid scintillation counter.

LPAAT activity was assayed using a method adapted from
Cao et al. (26) and Oo and Huang (27). The standard reaction
mixture (80 µL) consisted of 50 mM Tris-HCl buffer (pH 7.4)
containing 40 µM lysophosphatidic acid (LPA), 1 mM MgCl2,
4.5 µM [1-14C]oleoyl-CoA, and 30–80 µg microsomal protein.
The reaction was initiated by the addition of microsome (10
µL) and allowed to proceed for 4 min before termination with
2 mL of chloroform/methanol (1:1, vol/vol). A phase separa-
tion was induced with 1 mL of 1 M KCl in 0.2 M H3PO4 and
the lipids were extracted. The resulting lipid sample was dis-
solved in 50 µL of chloroform, spotted onto a Silica Gel 60 H
preparative TLC plate and developed using one ascension of
chloroform/methanol/acetic acid/water (85:15:10:4, by vol)
with PA as a standard. The radioactivity was determined in sec-
tions of silica gel containing radiolabeled PA using a liquid
scintillation counter.

For specificity studies on DGAT and LPAAT, the radiospe-
cific activities of the acyl-CoA were all between 50 and 60 mCi
mmol−1. Protein content was determined using the Bio-Rad
protein microassay (Bio-Rad Laboratories, Hercules, CA)
based on the Bradford procedure (28) using BSA as a standard.

Incubation of flax embryos with radiolabeled FA and analysis
of labeled lipid classes. The incorporation of FA into flax lipids
was monitored as described by Stymne et al. (13). Pods were
harvested between 11 and 14 DAF, and the embryos were re-
moved from the seeds immediately. The embryos were pooled
and incubated (10 embryos per incubation) for 2 h at 30°C under
incandescent light (40 µEm−2 s−1) in 300 µL of 0.1 M potassium
phosphate buffer (pH 7.4) containing 9 nmol of [1-14C]free EPA
or DHA (56 mCi mmol−1). Following incubation, the embryos
were rinsed three times with buffer. Lipid extraction was per-
formed as already described, except the volume of reagent used
was scaled down to one quarter. The final lipid residue was dis-
solved in 40 µL of hexane. Ten-microliter aliquots of the TL ex-
tracts were spotted, along with nonlabeled standards, onto
Kieselgel 60 aluminum plates, and the TLC plates were devel-
oped with one ascension of chloroform/methanol/acetic
acid/water (60:30:3:1, by vol) followed by one ascension of hex-
ane/ether (80:20, vol/vol) to resolve polar and nonpolar species.
The incorporation of radiolabeled FFA into various lipid classes
was monitored by phosphorimaging (Cyclone Storage Phosphor
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System, Canberra-Packard Canada Ltd., Mississauga, Ontario,
Canada). The lipid classes were also assessed by charring. TLC
plates containing fractionated lipids were dipped in a solution of
5% (wt/vol) CuSO4 and 4% (vol/vol) H3PO4, and then heated at
195°C for 2 min.

RESULTS

Lipid content and FA composition of TAG during seed develop-
ment. TL accumulation and FA composition of TAG during
seed development were investigated in two cultivars of flax.
The lipid content during seed development for the cultivars AC
Emerson and Vimy under our greenhouse conditions is shown
in Table 1. The TL content for both cultivars increased steadily
from less than 7% of the dry weight at 8 DAF to over 30% of
the dry weight at 20 DAF. A similar increase was observed for
TAG as the percentage of dry weight after separating this lipid
class from TL (results not shown).

FAME were generated from TAG isolated from TL samples
obtained at various stages of development and analyzed by
GLC. The proportion of various FA in TAG as a function of
seed development is shown in Figures 1A and 1B for the culti-
vars AC Emerson and Vimy, respectively. The proportion of α-
linolenic acid (α-18:3, 18:3cis∆9,12,15) increased substantially
from slightly less than 25% to over 40% of TAG between 8 and
11 DAF, and then stabilized at 20 DAF. The proportion of
linoleic acid (18:2, 18:2cis∆9,12) decreased from about 20% to
10% in the range of 10–20 DAF, concomitant with the relative
increase in α-18:3. The proportion of oleic acid (18:1,
18:1cis∆9) also increased, but not as markedly. In AC Emer-
son, the proportions of stearic acid (18:0) and palmitic acid
(16:0) remained relatively constant, at about 10% of TAG,
throughout seed development. In Vimy, the proportion of 18:0
appeared somewhat lower than the proportion of 16:0.

DGAT and LPAAT specific activities were high during rapid
lipid accumulation. Acyltransferase activities were assayed
using radiolabeled acyl-CoA. Synthesis of each [1-14C]acyl-
CoA was monitored by TLC according to Taylor et al. (19) and
visualized using a phosphorimager. We observed greater than
95% conversion of FA to the corresponding acyl-CoA in each
case. Microsomes were prepared from developing seeds of the
cultivar AC Emerson at various stages of development and
were assayed for DGAT and LPAAT activity. The addition of

exogenous sn-1,2-DAG to DGAT reaction mixtures had little
effect on promoting enzyme activity. This has been observed
previously in DGAT assays with microsomes prepared from
developing seeds of maize (Zea mays) and cultures of B. napus
(3,25). In contrast, microsomal LPAAT activity was dependent
on the presence of exogenous LPA. The concentration of 40
µM LPA used in the assay of microsomal LPAAT activity was
sufficient to maintain maximal enzyme activity under the ex-
perimental conditions described. High DGAT specific activity
occurred between 8 and 11 DAF (Fig. 2A). The specific activ-
ity of LPAAT increased between 8 and 14 DAF, with the maxi-
mal activity displayed at 14 DAF (Fig. 2B). This was followed
by a sharp decline in LPAAT specific activity between 14 and
16 DAF, and then by a gradual increase in activity at 20 DAF
to the same activity observed at 8 DAF. Lipid content on a per
seed basis was assessed over the range of 8–16 DAF (Fig. 2C),
when acyltransferase specific activities were at the highest lev-
els. The rate of lipid accumulation was about 60 µg/d/seed over
the 8-d period.

Acyl-CoA specificity of microsomal DGAT and LPAAT ac-
tivities. Microsomal DGAT and LPAAT activities were assayed
using acyl-CoA consisting of various radiolabeled unsaturated
FA moieties. DGAT used all of the acyl-CoA (Fig. 3), α-
linolenoyl-CoA was the most effective acyl donor, and activi-
ties with 18:1-, 18:2-, and EPA-CoA were somewhat lower.
DGAT activity was lowest with DHA-CoA. Microsomal
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TABLE 1
Lipid Content in Developing Seeds
of the Flax Cultivars AC Emerson and Vimy

Lipid content (% dry wt)

DAFa AC Emerson Vimy

8 6.6 4.8
11 11.3 17.2
14 21.3 21.3
16 24.6 24.0
20 33.0 34.9
40 33.0 36.8
aDAF, days after flowering.

FIG. 1. FA composition of TAG from developing seeds of the cultivars
AC Emerson (A) and Vimy (B).



LPAAT also used all of the radiolabeled unsaturated fatty acyl-
CoA (Fig. 4). α-Linoleoyl-, EPA-, and DHA-CoA were all
used by LPAAT at about one-third the rate of 18:2-CoA. For
incubations with oleoyl-CoA, the rate of incorporation of 18:1
into TAG was about 100 times greater for LPAAT than for
DGAT. LPAAT assays were conducted for a much shorter time
(4 min) compared with DGAT assays (60 min) because of the
apparently lower activity of DGAT in the microsomes.

Flax embryos import EPA and DHA, and incorporate the
bioactive FA into glycerolipids. Developing embryos of flax
were incubated with either radiolabeled EPA or DHA. A
charred TLC plate is shown in Figure 5A, which depicts the

separation of various lipid standards, as well as the lipids that
were extracted from developing flax embryos incubated with
radiolabeled EPA or DHA. A phosphorimage of the radiola-
beled lipid classes resolved by TLC is shown in Figure 5B.
Substantial radiolabel was incorporated into PC, PA, DAG, and
TAG. The level of incorporation of radiolabel in the EPA incu-
bation into PC and PA was, however, considerably lower than
for the DHA incubation.

DISCUSSION

Our observations of the lipid composition of TAG during
flaxseed development were similar to earlier observations of
the FA composition of the total acyl lipids of flax oil (10). Pro-
duction of α-18:3 and other PUFA in oilseeds is known to
occur while the acyl moieties are attached to PC (2). The avail-
ability and incorporation of α-18:3 into TAG may be facilitated
by a number of processes, including the reverse reaction cat-
alyzed by cytidine diphosphocholine: sn-1,2-DAG
cholinephosphotransferase (EC 2.7.8.2) (15,29), acyl exchange
of α-18:3 at the sn-2 position of PC with the acyl-CoA pool
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FIG. 2. Microsomal DAG acyltransferase (DGAT) activity (A) and
lyosphosphatidic acid acyltransferase (LPAAT) activity (B) in developing
flaxseed, and average lipid content of seed from 8–16 d after flowering
(DAF) (C) (cultivar AC Emerson). For panels A and B, data points repre-
sent the mean ± SEM, n = 3.

FIG. 3. Acyl-CoA specificity of microsomal DGAT activity from devel-
oping flaxseed (cultivar AC Emerson). Data points represent the mean ±
SEM, n = 4–6. For abbreviation see Figure 2.

FIG. 4. Acyl-CoA specificity of microsomal LPAAT activity from devel-
oping flaxseed (cultivar AC Emerson). Data points represent the mean ±
SEM, n = 3. For abbreviation see Figure 2.



catalyzed by lysophosphatidylcholine acyltransferase (EC
2.3.1.23) (30), and/or transfer of α-18:3 from the sn-2 position
of PC to sn-1,2,-DAG catalyzed by phospholipid:DAG acyl-
transferase (EC 2.3.1.158) (31,32). FFA might also be released
from phospholipids by phospholipase action (32), which in turn
could be converted to acyl-CoA by the catalytic action of acyl-
CoA synthetase (EC 6.2.1.3).

The developmental profiles of DGAT and LPAAT specific
activities indicated that high activities were associated with
rapid lipid accumulation. The rate of lipid accumulation on a
per seed basis over the 8–16 DAF determined in our study was
similar to that reported by Jain et al. (33) for another cultivar
of flax. In an earlier study with zygotic embryos of B. napus,
Tzen et al. (8) reported that the three acyltransferases of the
Kennedy pathway exhibited maximal activity during the active
phase of oil accumulation. In addition, a similar developmental
profile for DGAT activity was reported for seeds of both saf-
flower and B. napus (9). DGAT activity observed during
flaxseed development may represent the combined action of
two forms of DGAT. cDNA encoding the DGAT1 isoform have
been cloned using Arabidopsis thaliana, B. napus, and castor
(Ricinus communis) (3,34–36). Two other DGAT isoforms,
sharing 54% homology, were purified and cloned from
Mortierella ramanniana (37). Homologs of the M. ramanni-
ana DGAT genes, designated MrDGAT2A and MrDGAT2B,
were identified in a number of oilseeds. It is also possible that

TAG formation in developing flaxseed may occur via acyl-
CoA-independent processes such as the phospholipid:DAG
acyltransferase-catalzyed reaction (31) and transfer of a fatty
acyl moiety between two molecules of DAG to form TAG and
MAG catalyzed by a microsomal DAG transacylase (38). The
assay used in the present study, however, would have detected
only acyl-CoA-dependent TAG formation activity.

The effectiveness with which flax DGAT and LPAAT use
acyl-CoA of unsaturated FA suggests that these acyltrans-
ferases can easily accommodate the relatively large proportion
of α-18:3 produced during seed development. Both microso-
mal acyltransferases could also accommodate EPA and DHA
moieties. The specific activity of microsomal LPAAT, however,
was over two orders of magnitude greater than that for micro-
somal DGAT in assays with [1-14C]oleoyl-CoA. The substan-
tially lower specific activity of DGAT compared with the sn-2
acyltransferase suggests that other enzymes involved directly
in TAG formation, such as phospholipid:DAG acyltransferase,
might also contribute to TAG accumulation in developing
flaxseed. This aspect, however, remains to be investigated.

The ability of developing flax embryos to import EPA and
DHA and incorporate these nutritional FA into TAG and vari-
ous Kennedy pathway intermediates under in vivo conditions
suggests that endogenous acyl-CoA synthetase used EPA and
DHA as substrates and that acyltransferases used the resulting
thioesters. The appearance of radiolabel in TAG and PA con-
firms our observations of the ability of DGAT and LPAAT to
use both EPA- and DHA-CoA. The appearance of radiolabel in
phospholipids may have occurred via processes discussed pre-
viously (i.e., conversion of DAG to PC or acyl-exchange at the
sn-2 position of PC).

The fact that flax DGAT and LPAAT can use EPA-CoA sug-
gests that it might be worthwhile engineering flax to produce
EPA-CoA using a strategy that relies on only acyl-CoA sub-
strates. Recently, Abbadi et al. (14) demonstrated that the
C18∆9 acyl-CoA pool of developing flaxseed is similar to the
FA composition of TAG. These results suggest that α-18:3-
CoA would be available for further desaturation and elonga-
tion to EPA-CoA if desaturases and elongases acting only on
acyl-CoA were introduced into developing flaxseed. These
types of desaturases and elongases have been shown to be op-
erative in mammalian systems (14,39–41). Interestingly, a re-
cent study of desaturases from liverwort (Marchantia polymor-
pha) revealed a ∆6 desaturase that appears to act on both glyc-
erolipids and the acyl-CoA pool (42). More recently, a
unicellular marine algae (Ostreococcus tauri) was shown to
contain a ∆6 acyl-CoA desaturase (43). The success of these
proposed genetic engineering experiments, however, would de-
pend on having access to the necessary cDNA. Future investi-
gations might reveal additional acyl-CoA desaturases that are
not restricted to the animal kingdom. Synthesis of DHA-CoA
would be more complicated using the mammalian pathway,
which relies exclusively on acyl-CoA substrates. In the
Sprecher pathway in mammals, EPA-CoA undergoes two con-
secutive elongations to generate 24:5, followed by ∆6 desatura-
tion and one round of β-oxidation to generate 24:6, DHA-CoA
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FIG. 5. Incorporation of radiolabeled EPA and DHA into various lipids
of developing flax embryos (cultivar AC Emerson). Panel A represents a
TLC separation of various lipid standards. Included are the lipids iso-
lated from flax embryos, which were incubated with radiolabeled EPA
(I) and DHA (II). Panel B represents a phosphorimage of radiolabeled
lipids in the incubations with radiolabeled EPA (I) and DHA (II). Lipids
from both EPA- and DHA-treated embryos were extracted in the same
manner, and equal quantities of the final total lipid extracts were ap-
plied to the TLC plate. LPA, lysophosphatidic acid; LPC, lysophos-
phatidylcholine.



(17,40,41). Recent studies of EPA production in genetically en-
gineered tobacco (Nicotiana tabacum), flax, and Arabidopsis
implemented systems in which elongases used acyl-CoA
(14,16). The desaturases used PC as a substrate. Given the abil-
ity of flax acyltransferases to use EPA- and DHA-CoA, it may
also be worthwhile to consider a complementary strategy of in-
troducing polyketide synthases from marine bacteria into this
oilseed crop. These enzymes do not require α-18:3 for the syn-
thesis of EPA- and DHA-CoA, but instead operate with a
mechanism similar to bacterial FA synthase (41,44).

n-3 FA have beneficial effects in the prevention and man-
agement of cardiovascular disease, arthritis, and type 2 diabetes
(45). The development of oilseed crops containing EPA and
DHA in the seed oil would provide for a vegetarian source of
these bioactive PUFA that is also low in saturated fat (46). The
use of EPA- or DHA-CoA by flax LPAAT has important impli-
cations for the in planta production of molecular species of
TAG with a high nutraceutical value. FA esterified at the sn-2
position of TAG are more readily absorbed than FA at the two
other positions in TAG (47). TAG with selected FA at the sn-2
position have been evaluated as potential therapeutic agents in
models of cancer, burn treatment, and immune dysfunction
(47). Thus, genetic engineering experiments designed to incor-
porate EPA-/DHA-generating systems in flax should result in
the accumulation of TAG with EPA or DHA moieties esteri-
fied to the sn-2 position, thereby enhancing the nutritional
value of the oil even more.

The current study provided new information on storage lipid
biosynthesis in developing flaxseed. The activities of the final
two acyltransferases of the G3P pathway were coordinated
with TAG accumulation during seed development and were ca-
pable of using a number of unsaturated fatty acyl-CoA, includ-
ing EPA- and DHA-CoA. This was further supported by the
fact that flax embryos were capable of incorporating radiola-
beled EPA and DHA into TAG and other glycerolipid classes.
Our study demonstrated the potential of introducing EPA- or
DHA-CoA-generating systems into developing flaxseed. Engi-
neering a system that could use α-18:3-CoA to produce EPA-
CoA would be particularly attractive given the high proportions
of this FA in flax. In the long term, engineering flax to produce
EPA and DHA will diversify the oilseed industry by making
oil with enhanced health benefits available. Future studies with
developing flaxseed will be aimed at determining the extent to
which the acyltransferases of TAG biosynthesis will select for
EPA and DHA moieties in the presence of endogenous sub-
strates.
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ABSTRACT: As a continuation of our study on plants of the
Sapindaceae, the chemical composition of the oil extracted from
seeds of Allophylus natalensis (Sonder) De Winter and of A.
dregeanus (Sonder) De Winter has been investigated. The oil from
both species contained approximately equal amounts of TAG and
type I cyanolipids (CL), 1-cyano-2-hydroxymethylprop-2-en-1-ol-
diesters, with minor amounts of type III CL, 1-cyano-2-hydrox-
ymethylprop-1-en-3-ol-diesters. Structural investigation of the oil
components was accomplished by chemical, chromatographic
(TLC, CC, GC, and GC–MS), and spectroscopic (IR, NMR) means.
GC and GC–MS analysis showed that C20 FA were dominant in
the CL components of the oil from the two species (44–80% vs.
21–26% in TAG), with cis-11-eicosenoic acid (36–46%) and cis
13-eicosenoic acid (paullinic acid, 23–37%) as the major esteri-
fied fatty acyl chains in A. natalensis and A. dregeanus, respec-
tively. cis-Vaccenic acid was particularly abundant (11–31%) in
the CL from A. dregeanus, whereas eicosanoic acid (10–22%)
was also a major component of CL in both species.

Paper no. L9800 in Lipids 40, 1051–1056 (October 2005).

Seed oils from some species of Sapindaceae have been shown
to accumulate TAG and a rare class of plant lipids, the cyano-
lipids (CL), derived from amino acid metabolism (1–3). Four
types of CL structures have been so far reported as occurring
in this plant family, namely, type I, 1-cyano-2-hydroxymethyl-
prop-2-en-1-ol-diester; type II, 1-cyano-2-methylprop-1-en-3-
ol-ester; type III, 1-cyano-2-hydroxymethylprop-1-en-3-ol-di-
ester; and type IV, 1-cyano-2-methylprop-2-en-1-ol-ester
(4–6). CL of types I and IV are cyanogenetic.

The presence of cyanogenetic phytochemicals in nature, de-
spite their protective physiological role for the plant, may con-
stitute a health hazard for humans and animals. As a conse-
quence, identification of the presence of those metabolites in
food or forage plants so as to allow their removal is important.

The occurrence of CL in the plant kingdom was first re-
ported only in a few families such as the Sapindaceae, the Hip-
pocastanaceae, and the Boraginaceae (1,7). Reinvestigation of
the last two families of plants allowed the conclusion that CL
are only limited to the Sapindaceae (8). In particular, re-exami-
nation of seeds previously identified as from Cordia verbe-

nacea (Boraginaceae) showed that they were morphologically
similar to those of a sapindaceous plant, generically reported
as probably belonging to the genus Allophylus (9). A further
publication confirmed the presence of CL in two Allophylus
species, A. concina and A. occidentalis (8). To the best of our
knowledge, however, no detailed chemical study was accom-
plished on either the seed oils of those plants or on seed oils
from other Allophylus species.

As a continuation of our study on the Sapindaceae (6) and
in consideration of the limited and controversial data for the
Allophylus genus, we have investigated the composition of the
seed oil of A. natalensis (Sonder) De Winter, commonly called
“dune false currant,” and of A. dregeanus (Sonder) De Winter,
the “false currant.” Chemical data on the structural elucidation
of the TAG and CL constituents of the oils from those plants
are reported here and discussed.

EXPERIMENTAL PROCEDURES

Plant material. Seeds of A. natalensis (Sonder) De Winter and
A. dregeanus (Sonder) De Winter were purchased from B & T
World Seeds Paguignan sarl, France.

Oil extraction and purification. Dried, ground seeds of A.
natalensis (6.93 g) and A. dregeanus (2.68 g) were extracted in
a Soxhlet apparatus with refluxing petroleum ether (b.p.
40–60°C) for 6 h. Evaporation of the solvent gave a yellow oily
product amounting to 1.68 g (24%) for A. natalensis and 0.97
g (36%) for A. dregeanus.

Composition of the oil was first investigated by TLC (pre-
coated silica gel 60 F254 aluminum plates: Merck, Milan,
Italy) by elution with hexane/EtOAc (9:1, vol/vol) and alter-
natively with benzene. Visualization of the oil components
was obtained with phosphomolybdic acid reagent (10%
EtOH; Sigma, Milan, Italy) followed by heating the plates at
110°C.

Individual components of the seed extracts from both plant
species were separated first by column chromatography (CC)
(silica gel 60 H; Merck) eluted in benzene; fractions contain-
ing mixtures of TAG and CL were submitted to a second pu-
rification by gradient elution CC in hexane/EtOAc.

Derivatization of the oil components. TAG and CL from the
Allophylus species under investigation were subjected to a di-
rect saponification/transmethylation according to Reference 10.
About 2 mg of each sample was dissolved in 1 mL of
MeOH/hexane (4:1, vol/vol) and reacted with acetyl chloride
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(100 µL). The reaction mixture was then heated at 100°C for 1
h. After cooling, hexane (1 mL) and K2CO3 (6%, 1 mL) were
added to stop the reaction. The organic phase obtained was
dried overnight on anhydrous Na2SO4.

In addition to common FAME, methyl esters of paullinic
(cis-13-eicosenoic), cis- and trans-vaccenic, and cis-11-
eicosenoic acids (Sigma) were used as reference compounds
for GC and GC–MS analyses.

FA tert-butyl ester derivatives of TAG and CL were synthe-
sized as previously described (4).

Preparation of 4,4-dimethyloxazoline (DMOX) derivatives
was carried out starting from the FAME derivatives synthe-
sized as above and then by following the procedure described
in  Reference 10.

GC analysis. A Carlo Erba HRGC 5160 gas chromatograph
with an FID (300°C) and an on-column injector was used. Hy-
drogen was the carrier gas.

Analysis of FAME and FA tert-butyl esters of TAG and CL,
as well as their DMOX derivatives, was carried out as previ-
ously described (6). GC data were processed by a Spectra
Physics SP 4290 computing integrator, and results from FAME
quantification are reported later in this paper.

GC–MS analysis. FAME, FA tert-butyl esters, and DMOX
derivatives were analyzed by GC–MS with a Hewlett-Packard
6890–5973 mass spectrometer according to Reference 6.

FTIR. FTIR spectra of neat TAG and CL were recorded
using NaCl cells.

NMR. Proton (1H) and carbon (13C) NMR spectra were
recorded at 25°C on DPX400 and DRX500 Avance Bruker in-
struments equipped with probes for inverse detection and with z
gradient-accelerated spectroscopy. Standard Bruker automation
programs were used for 2-D NMR experiments. 2-D homonu-
clear COSY experiments were performed using the COSYGP
(gradient-accelerated COSY) sequence. Inverse detected, stan-
dard, and long-range 1H-13C heterocorrelated (HETCOR) 2-D
NMR spectra were obtained by using the gradient-enhanced
pulse sequences INVIEAGSSI and INV4GPLRND, respec-
tively. CDCl3 was used as the solvent in all the experiments.
Residual 1H and 13C peaks of the solvent were used as internal
standards to calculate chemical shifts referred to tetramethylsi-
lane.

RESULTS AND DISCUSSION

General. Lipid extracts obtained from the seeds of A. natalensis
and A. dregeanus were first investigated by TLC. Inspection of
the extract from A. natalensis by TLC elution in benzene revealed
the presence of four different products migrating at Rf 0.70 (CL),
0.57 (TAG), 0.51 and 0.46 (TAG, CL). Similarly, TLC elution in
hexane/EtOAc (9:1, vol/vol) showed the presence of four com-
ponents migrating at Rf 0.60 (TAG), 0.55 and 0.51 (TAG, CL),
and 0.31 (CL). The combined TLC data readily suggested the
presence of two different types of CL in the oil from this plant.
Previous investigations (5) showed that, in fact, the four types of
natural CL can be differentially separated on TLC in the various
solvent systems according to their chemical structure.

The composition of A. dregeanus seed oil was also in-
spected by TLC in the two elution systems just described and
the results were similar to those obtained for A. natalensis; that
is, the total extract was formed by TAG and two CL fractions.

Purification of the extracts from both species was accom-
plished by CC. A first elution in benzene of the seed oil from
A. natalensis afforded a fraction of CL, type I (1-cyano-2-hy-
droxymethylprop-2-en-1-ol-diester), a fraction of pure TAG,
and a mixture of TAG and CL, which was further purified by
CC with hexane/EtOAc as eluent. Three fractions of TAG and
one of CL, type III (1-cyano-2-hydroxymethylprop-1-en-3-ol-
diester), were obtained. In total, the main isolated constituents
amounted to 49% TAG, 50% CL I, and 1% CL III.

The same purification procedure was applied to the seed
lipids from A. dregeanus and the CC separation afforded 42%
TAG, 56% CL I, and 2% CL III.

Purified components from each of the two plant extracts
were further characterized by chromatographic, spectroscopic,
and chemical means. Similar structural results were obtained
for both A. natalensis and A. dregeanus and, unless specified,
the spectroscopic data reported herein  equally refer to TAG
and CL I and III from each of the two oils.

CL identification. IR analysis of the two CL components
verified that their structures were different, as suggested by
their chromatographic behavior. As expected, both CL I and
CL III showed the common absorption maxima generally
found in acyl lipid spectra (6), with an additional broad and
double band at 1750 cm−1 (C=O stretching) suggesting the
presence of different C=O in the molecule. Furthermore, CL
III showed a typical absorption band at 2227 cm-1 (CN stretch-
ing), which, due to its different skeleton, was quenched in the
CL type I by the effect of the oxygen atom on the same carbon
as the cyano group (6).

Complete structural identification of the two CL types from
Allophylus species was determined by 1H and 13C NMR analy-
sis. Signals relative to CL I were consistent with those we pre-
viously reported in a detailed study for CL of type I, isolated
from the seed oil of another sapindaceous plant, Paullinia cu-
pana (6). As shown in Table 1, the CL nature of the isolated
fractions from A. natalensis and A. dregeanus was revealed by
the specific resonances in the 13C spectra: at δ 60.87, carbon
bearing the cyano function; at δ 114.88, nitrile carbon; and at δ
5.94 (1H spectra), tertiary proton adjacent to the cyano group.
Identification of type I CL (1-cyano-2-hydroxymethylprop-2-
en-1-ol-diester) was corroborated by (i) the presence of two
distinct groups of partially overlapping signals (multiple sig-
nals due to the presence of a mixture of esters of different FA)
for the two C=O carbon atoms: C-1, δ 173.00 and C-1′, δ
171.47 (carbon bearing the nitrile function); and (ii) resonances
at δ 135.28 (vinyl carbon), δ 120.95 (terminal vinyl carbon),
and δ 62.70 (allylic carbon), which taken together, are indica-
tive of the expected dihydroxybutenyl cyanide moiety of this
structural CL type (Table 1). NMR spectra were also useful to
acquire information on the fatty acyl chains esterified to the di-
hydroxybutenyl nitrile moiety in good agreement with data ob-
tained by GC and GC–MS analyses (compare Tables 1 and 3).
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Proton and carbon resonances relative to the CL III con-
stituents of the seed oil of A. natalensis and A. dregeanus are
shown in Table 2. 2-D proton-proton and proton-carbon corre-
lations also facilitated the assignments of the relative signals.
Signals at δ 114.68, nitrile carbon, and the singlet at δ 5.56, cor-
responding to the tertiary proton adjacent to the nitrile group,
indicated that the isolated compounds were cyano derivatives.
This was further supported by the signal at δ 98.60, assignable
to a vinylic carbon bearing the cyano function. The downfield
shift of this signal compared with the equivalent signal in the
spectrum of the CL I (Table 1) and the presence of the two pro-
ton resonances at δ 4.69 and 4.87 were consistent with the dif-
ferent skeleton of this CL type. In particular, the latter two sig-
nals could be assigned, respectively, to the cis, H-4′ (δ 4.69)
and trans, H-4 (δ 4.87) methylene protons adjacent to the oxy-
gen atoms of the dihydroxybutenyl cyanide moiety (4). The as-
signment was made on the basis of chemical shifts (the nitrile
group deshields the protons cis to it) and the magnitude of the
coupling constants (the H-4 signal, at the instrument fields
used, shows no measurable coupling constant in the 1H NMR

spectrum, whereas H-4′ has a 4JH4′-H2 = 1.3 Hz) (11). Further
evidence came from the 2-D 1H COSY spectrum where a
stronger cross peak was observed between the signal of H-4′
and the vinyl proton, compared with the weaker correlation
peak between H-4 and again the vinyl proton (Fig. 1).

The identification of this fraction of CL as 1-cyano-2-hy-
droxymethylprop-1-en-3-ol-diesters was confirmed by the
presence of two extra carbon signals at δ 62.66 and 61.66,
which were assigned to the two carbons C-4′ and C-4 of the di-
hydroxybutenyl nitrile moiety, respectively (Table 2). In the
1H-13C 2-D heteronuclear correlation spectrum these signals
showed the expected correlations with the proton resonances at
δ 4.69 (H-4′) and δ 4.87 (H-4), respectively. Moreover, 1H-13C
long-range couplings allowed us to discriminate between the
two acyl chain positions. In fact, the H-4-C5 and H-4′-C5’
cross peaks are well resolved in the 1H-13C 2-D HETCOR long
range spectrum, allowing us to identify unambiguously the acyl
chains cis and trans to the nitrile functionality, respectively
(Fig. 2).

The olefin region in the carbon NMR spectra was useful to
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TABLE 1
1H and 13C NMR Data of Cyanolipids Type I from Seed Oil of Allophylus Species

1H δ (J) 13C δ (J)

CH2OCO 4.64 ma =C 135.28
CH-CN 5.94 s CH2= 120.95
CH2= 5.54 Ha, s; 5.68 Hb, s CN 114.88
CH2C=O(O) 2.32 Hc, t (7.5); 2.38 Hd, dt (2.2;7.7) C-1; C-1’ 173.00; 171.47b

CH3, ω1 0.86 t (6.6) C-2; C-2’ 34.02; 33.77
n-CH2 1.24 m C-3; C-3’ 24.54; 24.76
CH2-CH2CH2-C=O 1.62, m CH2OCO 62.70 
-CH2-C=C-CH2- (cis) 1.99 m CH-CN 60.87
Olefinic (cis) 5.32 m CH3, ω1 14.11

CH2, ω2 22.66 (18:2)
22.68/22.69 (ω7/Sat, ω9)

CH2, ω3 31.79 (18:2)
31.91/31.93 (ω7/Sat, ω9)

n-CH2 28.95–29.77
-CH2-C=C-CH2- 27.18
C=CHc 129.64 (C-9 OL)

129.80 (C-11 EI)
129.81 (C-11 VA)
129.85 (C-13 PA)
129.88 (C-14 PA)
129.91 (C-12 VA)
129.92 (C-12 EI)
130.03 (C-10 OL)

aAB signal pattern.
bGroup of overlapping signals due to different acyl chains.
cIdentified unsaturated chains: OL, oleic; EI, cis-11 eicosenoic; PA, cis-13 eicosenoic (paullinic acid); VA, vaccenic acid.
Cyanolipid I, 1-cyano-2-hydroxymethylprop-2-en-1-ol-diesters.
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TABLE 2
1H and 13C NMR Data of Cyanolipids Type III from Seed Oil of Allophylus Species

1H δ (J) 13C δ (J)

CH2OCO 4.69 H-4′, d (1.3); 4.87 H-4, s CH-CN 98.60
CH–CN 5.56 s C=, C3 154.92
CH2C=O(O) 2.349 H-6’, t (7.5); 2.352 H-6, t (7.5) CN 114.68
CH2–CH2C=O(O) 1.60 m C-4; C-4’ 61.61; 62.66
CH3, ω1 0.86 t (7.0) C-5; C-5’ 172.94; 172.57a

n-CH2 1.24 m C-6; C-6’ 33.80; 33.97
–CH2–C=C–CH2– (cis) 1.99 m C-7; C-7’ 24.82; 24.77
Olefinic (cis) 5.33 m CH3, ω1 14.13

CH2, ω2 22.68 (18:2)
22.70 (ω7, Sat, ω9)

CH2, ω3 31.90 (18:2)
31.93/31.95 (ω7/Sat, ω9)

n-CH2 29.00–29.79
−CH2–C=C–CH2– 27.23
C=CHb 129.67 (C-9 OL)

129.81 (C-11 EI)
129.84 (C-11 VA)
129.89 (C-13 PA)
129.91 (C-14 PA)
129.95 (C-12 VA)
129.97 (C-12 EI)

130.07 (C-10 OL)
aGroup of overlapping signals due to different acyl chains.
bFor abbreviatons of identified unsaturated chains see Table 1. Sat, saturated; cyanolipid III (1-cyano-2-hydroxymethyl-
prop-1-en-3-ol-diesters) from A. dregeanus also showed signals related to linolenic (C-15, 127.31 δ; C-10, 127.97 δ; C-12,
128.49 δ; C-13, 128.42 δ; C-9, 130.42 δ; C-16, 132.16 δ) and linoleic acids (C-12, 128.09 δ; C-9, not resolved; C-10,
128.28 δ; C-13, 130.42 δ).

TABLE 3 
FA Composition (wt%) of TAG and Cyanolipidsa (CL) from Allophylus Species, as Measured by GC-FID
Analysis of FAME

Allophylus natalensis Allophylus dregeanus

FA TAG CL I CL III TAG CL I CL III

Palmitic 7.8 1.6 3.7 3.3 0.6 1.9
Palmitoleic 1.9 0.2 0.6 7.9 0.4 3.6
Stearic 1.6 0.7 1.0 1.7 0.7 1.0
Oleic 43.4 14.8 20.3 22.7 4.5 10.2
cis-Vaccenic 5.0 2.7 7.9 20.6 10.9 30.7
Linoleic 7.2 0.5 1.8 7.4 0.3 1.6
Linolenic 12.3 0.2 1.9 10.0 0.2 6.9
Eicosanoic 4.2 22.2 16.1 4.7 20.9 10.3
cis-11- Eicosenoic 14.1 46.0 36.5 6.7 22.4 10.3
cis-13-Eicosenoic 2.3 6.8 5.1 14.9 36.7 23.5
Behenic Trace 1.4 1.4 Trace 1.1 Trace
Erucic 0.4 2.9 3.7 Trace 1.3 Trace
aFor chemical description of CL I and CL III see Tables 1 and 2.



identify the esterified fatty acyl chains. Relative assignments
are reported in Table 2.

TAG identification. TAG isolated from both species of Allo-
phylus showed typical IR absorption bands consistent with pre-
viously published data for this class of compounds (6,12).
NMR spectra clearly indicated that the isolated lipids were
TAG. Signals relative to glycerol α- and β-carbons were pre-
sent in the 1H (dd, δ 4.14 and 4.29, glycerol α CH2; m, δ 5.26,
glycerol β CH) and 13C (δ 62.30, glycerol α-carbon atoms; δ
69.11, glycerol β-carbon atom) NMR spectra. The presence of
the two signals with chemical shifts at δ 173.02, C1 β chains,
and at δ 173.45, C1 α chains, also corroborated that the iso-
lated lipids were TAG (6,13,14). As for the CL, inspections of
proton and carbon resonances allowed the determination of the
fatty acyl chains esterified to the glycerol moiety (13–16). In
agreement with GC and GC–MS data (see below), the follow-
ing common major unsaturated FA were identified from the
NMR spectra of the TAG fractions of A. natalensis and A.
dregeanus: oleic (δ 130.23, C10; δ 129.90/129.92, C9), cis-
vaccenic, cis-11-eicosenoic (δ 130.14, C12; δ 130.04, C11),
cis-13-eicosenoic (paullinic) (δ 130.11, C14; δ 130.09, C13);
linoleic (δ 130.42, C13; δ 128.10, C12; δ 130.91, C9; δ 128.30,
C10), and linolenic (δ 132.16, C16; δ 127.33, C15; δ 128.43,
C13; δ 128.50, C12; δ 130.42, C9; δ 127.98, C10).

FA composition. GC and GC–MS analyses were also car-

ried out for the quantification and further identification of the
fatty acyl chains esterified in the TAG and CL oil fractions. FA
were analyzed as their methyl, butyl, and DMOX derivatives.
Reference compounds were also submitted to the same deriva-
tization procedures and their chromatographic and spectromet-
ric behaviors compared. Mass spectra of the above derivatives
fully matched already published data (6,17–19).

FA quantification of the entire TAG fraction from both A.
natalensis and A. dregeanus is reported in Table 3. In agree-
ment with the NMR data, TAG from A. natalensis had a preva-
lence of unsaturated FA with oleic acid being by far the most
abundant (43.4%). Linolenic and cis-11-eicosenoic acids rep-
resent other important FA. Considering the overall TAG com-
position, the C20 FA—eicosanoic, cis-11- and cis-13-
eicosenoic—constitute typical constituents (Table 3).

TAG from A. dregeanus showed a different chemical profile
(Table 3). Oleic acid still represented a major FA; however,
compared with A. natalensis, A. dregeanus produced TAG with
much higher yields of cis-vaccenic (20.6%) and cis-13-
eicosenoic (15.0%) acids.

As shown in Table 3, compositional differences have also
been found between the esterified fatty acyl chains in the CL
and the TAG from the two species of Allophylus. Oleic acid is
still one of the abundant FA in the CL I and III (14.8 and
20.3%, respectively) from A. natalensis; the bulk of the fatty
acyl chains is, however, represented by eicosanoic (22.2%, CL
I; and 16.1%, CL III) and cis-11-eicosenoic (46.0%, CL I; and
36.5%, CL III) acids. Relatively higher amounts of paullinic
acid are also found in the CL components from the seed oil of
this species (Table 3).

As observed for the TAG fraction, CL isolated from A.
dregeanus show a composition different from that of A. natal-
ensis (Table 3), namely, they are characterized by very high
amounts of C20 FA, which in total contribute to 80% (CL I) and
44.1% (CL III). Paullinic acid is by far the most abundant, ac-
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FIG. 2. (A) Expansion of the 1H-13C 2-D heterocorrelated spectrum of
the cyanolipids type III from seed oil of Allophyllus species showing the
H-4/C-4 and H4′/C4′ cross peaks; and (B) expansion of the long-range
1H-13C 2-D heterocorrelated spectrum showing cross peaks of the same
protons with the carbonylic signals C5 and C5′, respectively.

FIG. 1. Expansion of the 2-D 1H COSY spectrum for cyanolipids type III
from seed oil of Allophyllus species showing the cross peaks of the
vinylic proton (=CH–CN) with H-4′ (stronger), and H-4 (weaker).



counting for 36.7 and 23.5% in the CL I and III constituents,
respectively. cis-Vaccenic acid is the dominant FA in the CL
III constituents (Table 3).

To the best of our knowledge this is the first detailed inves-
tigation on the seed oil of species belonging to the Allophylus
genus. A previous paper (8) reported on the occurrence of CL
of types II, III, and IV in the species A. concina and A. occi-
dentalis. No chemical references were given, however.

Data here presented indicate that, as in other Sapindaceae
(1), A. natalensis and A. dregeanus produce an oil that is rich
in CL and, based on chemical data, the main structural types
consist of CL I and III.

Previous investigations (19–22) on the total FA composi-
tion of the seed oils from members of the Sapindaceae family
showed that they are very peculiar in that cis-vaccenic and
paullinic acids are major constituents and of chemotaxonomic
importance. Our previous analysis of the seed oil of P. cupana
(6) also confirmed those findings. Data obtained in this study
indicate that in general the two investigated species of Allophy-
lus produce high amounts of oleic acid and C20 FA (Table 3).
Nevertheless, among them, A. dregeanus represents a particu-
larly rich source of the two rare FA, cis-vaccenic and paullinic
acids. As already reported (6,19), C20 FA seem to be preferen-
tially incorporated into the CL lipid fractions, whereas oleic
acid is mostly found as a component of the TAG.
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ABSTRACT: In this study the FA compositions of healthy and
cancerous human renal tissues from the same patients are com-
pared with special reference to the CLA and PUFA content. CLA
was preferentially incorporated into neutral lipid compared with
phospholipid classes. Its distribution profile was similar to that of
monounsaturated FA, but unlike that found with 18:2n-6. Differ-
ent incorporation patterns were found for individual CLA isomers.
Comparing renal cell carcinoma (RCC) and healthy kidney, the
total CLA content was significantly lower in the cholesterylester
fraction and significantly higher in the PE and PS fractions from
RCC. The most significant differences between healthy and can-
cerous renal tissue were in the content of t10,c12-CLA. Further-
more, the lipid class distributions of n-6 PUFA were determined,
and several significant differences between RCC and healthy
renal tissue were found. This is of interest, as it has been proposed
that the anticarcinogenic properties of dietary CLA are associated
with their interference in the metabolism of 20:4n-6. The involve-
ment of CLA in preventing renal cancer cannot be definitively
demonstrated from the design of this study, nor was it intended,
but the complete determination of the FA composition of adja-
cent healthy and cancerous tissues may provide an insight if lipids
are involved in this disease.

Paper no. L9754 in Lipids 40, 1057–1062 (October 2005).

Cancer of the kidney accounts for approximately 3% of all
adult cancers in Western countries. Renal cell carcinomas
(RCC) comprise nearly 85% of kidney cancers. This cancer oc-
curs mainly between the ages of 50 and 70 years, and men are
affected twice as often as women (1). The etiology of RCC is
unknown, although epidemiological studies have suggested a
relationship between the habit of smoking and RCC. Urban liv-
ing, exposure to Thorotrast (a suspension of particulate ra-
dioactive ThO2), and a family history of renal cancer are also
reported risk factors (1). Furthermore, many dietary factors
have been considered in relation to RCC (2). The observed re-

lationship between the diet and cancer has raised interest in
protective and physiologically active food ingredients.

The term CLA refers to a family of positional and geomet-
ric isomers of 18:2n-6 with conjugated double bonds. The main
dietary sources of CLA are ruminant products, in quantities of
about 0.40–1.70% of total fat (3). Several animal studies and
studies in vitro have shown that CLA possesses anticarcino-
genic properties (4,5). Studies on humans, however, are very
rare and little information is available on the mechanisms of
action of CLA. A number of reports provide evidence that CLA
may interfere with the phospholipid (PL)-associated FA me-
tabolism and the subsequent production of prostaglandins (6,7).

At the most fundamental level, there is a lack of understand-
ing of the uptake of CLA into neutral lipid (NL) and PL classes.
In the literature, several studies that deal with the incorporation
of CLA into different types of animal tissue are described
(8–12). Unfortunately, the results of animal studies cannot eas-
ily be assigned to humans because of species and tissue differ-
ences. Therefore, the primary aim of the present study was to
fill this gap in our knowledge by determining the contents of
CLA and n-6 PUFA in the lipid classes of healthy as well as of
cancerous human renal tissues from the same patients. It was
neither our intention to present a mechanistic study nor to fol-
low a clear biological hypothesis and to provide any responses.
But it is the first study at all giving basic data on lipid class dis-
tributions and CLA contents in healthy and cancerous parts of
human kidneys. Based on these data and the hints that they
give, mechanistic studies should be done to understand the de-
tected differences.

MATERIALS AND METHODS

Tissue procurement. A total of 19 patients with a clinical diagno-
sis of renal cancer underwent radical surgery of their tumor-bear-
ing kidneys at the Department of Urology, General Hospital
Barmbek, Hamburg. A piece of cancerous as well as a piece of
healthy renal tissue was removed from the nephrectomy speci-
men for study immediately following resection. No extrarenal or
adipose tissue was included into the specimens. Tissue removal
and histological diagnosis of the tumors were carried out by a
pathologist at the Department of Pathology, General Hospital
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Barmbek, Hamburg. Samples were snap-frozen and stored at −
80°C until analysis. All patients gave written consent to a proto-
col approved by the ethics commission of the Hamburg Medical
Association.

Separation of lipid classes. Total lipids were isolated from
whole tissue homogenates by extracting them twice with
dichloromethane/methanol (2:1, vol/vol) and once with hex-
ane. Subsequently, separation of major PL classes was carried
out according to the method described by Pietsch and Lorenz
(13) with an additional step for the separation of choles-
terylesters (CE). The 3-mL solid phase extraction cartridges,
packed with 500 mg aminopropylsilane bound to silica gel
(J.T.Baker, Philipsburg, NJ), were preconditioned with 7 mL
hexane. Then the samples, containing about 40 mg of total lipid
in 1.5 mL hexane, were applied and left to sink into the solid
phase. Subsequently, each lipid class was eluted as follows: 3
mL of hexane for CE; 4 mL of chloroform/isopropanol (2:1,
vol/vol) for TAG and cholesterol (Chol.); 8 mL of diethyl
ether/acetic acid (98:2, vol/vol) for FFA; 8 mL acetonitrile/iso-
propanol (1:2, vol/vol) for PC and sphingomyelin (SM); 4 mL
of methanol for PE; 8 mL of isopropanol/3 mol/L hydrochloric
acid in butanol (7:1, vol/vol) for PS; and 2 mL of methanol/3
mol/L hydrochloric acid in butanol (9:1, vol/vol) for PI.

PC and SM were not further separated because SM is not
transesterified by the base-catalyzed transesterification method
used in this study. Base catalysis was chosen to ensure that no
modifications of CLA isomers took place, which has been re-
ported to occur with acid catalysis (14).

A TLC method described by Helmerich and Köhler (15)
was chosen to check the quality of the lipid class separation
(data not shown) and to quantify the lipid class composition of
the renal tissue samples. Lipid classes were separated on 10 ×
10 cm silica gel TLC plates (Merck, Darmstadt, Germany).
Plates were developed with ethyl acetate/chloroform/iso-
propanol/methanol/45 mmol/L sodium chloride solution in
water (25:25:25:10:9, by vol) for PL classes and with petro-
leum ether (b.p. 50–70°C)/diethyl ether/acetic acid (80:20:2,
by vol) for NL classes, respectively. Bands that co-migrated
with CE (cholesteryloleate), Chol., TAG (triolein), FFA (18:2n-
6), PC, SM, PE, PS, and PI authentic standards (Sigma-
Aldrich, Taufkirchen, Germany) were visualized by dipping
the TLC plates into 0.6 mol/L cupric sulfate in 1.5 mol/L phos-
phoric acid and heating to 180°C for 10 min. For quantifica-
tion, TLC plates showing brown spots with different color den-
sities were converted to bitmap files (tiff-format, 8 bit
grayscale, 300 dpi) by means of a flatbed scanner. Each lane of
the images of the TLC plates was processed with a freely avail-
able picture evaluation program (ImageJ: http//rsb.info.nih.
gov/ij/) to obtain chromatograms. The resulting peaks were in-
tegrated, and calibration was performed by using standard so-
lutions of the lipid classes named above (0.025–0.5 mg/mL).

Analysis of FA. With the exception of the FFA fraction, all
lipid fractions were converted to FAME according to the
method of Pfalzgraf et al. (16). Briefly, each lipid class was de-
rivatized with 5% potassium methoxide in methanol (Merck-
Schuchardt, Hohenbrunn, Germany) at 60°C for 15 min. The

FFA were methylated using a 2 M trimethylsilyldiazomethane
solution in methanol as described previously by Hashimoto et
al. (17). The reaction was carried out at room temperature for
30 min.

The total FAME pattern was analyzed by GC (Hewlett-
Packard GC system 6890 with FID; Waldbronn, Germany)
using a CP-Sil 88 capillary column (100 m × 0.25 mm i.d. with
0.2 µm film thickness; Chrompack, Middelburg, The Nether-
lands) (18). Inlet temperature was 200°C and detector tempera-
ture was 260°C. The oven temperature was initially 70°C and
then ramped 8°C/min to 180°C, held for 10 min, ramped again
3°C/min to 235°C and held another 10 min. A volume of 2 µL
was injected at a split ratio of 10:1. Hydrogen was used as car-
rier gas at 1.5 mL/min.

CLA isomer distribution was determined by silver ion
HPLC (18,19). Separation was carried out using a Waters 515
HPLC system (Waters, Milford, MA) equipped with a Model
996 photodiode array detector. Two silver-loaded ChromSpher
5 Lipids columns (Chrompack), 5 µm particle size, 250 × 4.6
mm, were used series-wound with a mobile phase of
hexane/acetonitrile (100:0.5, vol/vol) at a flow rate of 1
mL/min. Owing to their conjugated double bonds, CLA iso-
mers can be detected at 234 nm, whereas unconjugated unsatu-
rated FA absorb at 200 nm.

Commercial FAME standards (Sigma Chemical Co.,
Deisenhofen, Germany), including a mixture of CLA isomers,
were used to identify and quantify sample FAME.

Statistical analysis. Data were analyzed with SPSS Statisti-
cal Software, version 11.5.2.1 (SPSS Inc., Chicago, IL). All
data are expressed as mean ± SD. Statistical comparisons be-
tween healthy renal tissue and RCC were made using Student’s
two-tailed t-test for paired values (P < 0.05). One-way ANOVA
with Scheffé, Student–Newman–Keuls, and Tukey-B as post-
hoc tests were used to determine significant differences in FA
distribution between the lipid classes studied (P < 0.05).

RESULTS

The 19 male and female patients studied were born between
1924 and 1957 and had a mean body mass index of 25.61 ±
2.53. They all had RCC. One patient additionally suffered fa-
milial hyperlipidemia. Table 1 shows clinical characteristics of
the tumors. All clinical and anthropomorphical data were col-
lected at the Departments of Urology and Pathology, General
Hospital Barmbek, Hamburg.

First of all, the percentage lipid class distributions of the
healthy as well as of the cancerous tissues were determined by
TLC. The nine lipid classes—CE, Chol., TAG, FFA, SM, PC,
PE, PS, and PI—were identified, and marked differences in
their contents between healthy and cancerous tissue were found
(Table 2). The contents of the NL classes CE, Chol., and TAG
were increased in the tumor tissue owing to an increased ab-
solute amount of these lipid classes, whereas FFA and the PL
classes SM, PC, PE, PS, and PI were decreased relatively.
However, due to high SD determined for most lipid classes, the
changes were significant for TAG and FFA only.
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Figure 1 shows the total CLA contents of the single lipid
classes from kidney and RCC. CE (1.68 ± 1.13% and 0.78 ±
0.43%, respectively) and FFA (0.98 ± 0.21% and 1.12 ± 0.37%,
respectively) were found to have the highest CLA contents in
both types of tissue. In general, markedly higher CLA contents
were observed in the NL classes than in the PL classes. This
distribution pattern shows a high similarity to the distribution
pattern of the monounsaturated FA (MUFA) in sum but is com-
pletely different from the distribution patterns of the saturated
FA and PUFA in sum (data not shown). In comparing RCC
with healthy renal tissue, CLA content was found to be signifi-
cantly decreased in the CE fraction but significantly increased
in the PE and PS fractions from RCC.

To examine the distribution of CLA in renal tissue more
thoroughly, the contents of single CLA isomers as percentages
of the total CLA were determined. Thirteen isomers were de-
tectable in both types of tissue: t13,t15-, t12,t14-, t11,t13-,
t10,t12-, t9,t11-, t8,t10-, t7,t9-, c12,t14-, t11,c13-, c11,t13-,
t10,c12-, c9,t11-, and t7,c9-CLA. However, the contents of the
isomers t13,t15-, t12,t14-, t11,t13-, t7,t9-, c12,t14-, and
t11,c13-CLA were close to the detection limit and the SD were
great. For this reason, only the contents of the isomers t10,t12-,
t9,t11-, t8,t10-, c11,t13-, t10,c12-, c9,t11-, and t7,c9-CLA are
shown in Figures 2A and 2B. In addition, the PI fraction was
ignored, as its CLA content is small and only a few HPLC
chromatograms were analyzable.

c9,t11-CLA was the major isomer in all lipid classes from
kidney as well as from RCC. However, the distribution pattern

was different for every individual CLA isomer studied.
t10,c12-CLA was the isomer for which the most differences
between healthy and cancerous tissue were found, its content
being significantly lower in the CE fraction and significantly
higher in the TAG, PC, PE, and PS fractions from RCC than
from healthy renal tissue. No significant variation was found
for t8,t10-CLA.

Apart from CLA, the contents of the n-6 PUFA 18:2n-6,
20:4n-6, and 20:3n-6 were determined (Figs. 3A, 3B). The con-
tents of 18:3n-6 were close to the detection limit and the SD
were great, thus no statistical interpretation was accomplished
for this n-6 PUFA, and data are therefore not shown.

For 18:2n-6, 20:4n-6, and 20:3n-6, varying distribution pat-
terns were observed. 18:2n-6 is best incorporated into the PS
fractions (37.45 ± 4.36%, human renal tissue, and 25.35 ±
7.45%, RCC tissue) and worst into the PI fractions (4.62 ± 0.70
and 4.57 ± 1.21%, respectively). In comparing the distribution
patterns of 18:2n-6 and CLA, incorporation into the physiolog-
ically active membrane PL classes was found to be greater for
18:2n-6 than for CLA. 20:4n-6 and 20:3n-6 are preferentially
incorporated into the PL classes of both types of tissues, the
contents being highest in PE for 20:4n-6 (42.99 ± 2.72 and
46.63 ± 3.67%, respectively) and in PI for 20:3n-6 (4.62 ± 0.70
and 4.57 ± 1.21%, respectively).

Furthermore, differences between healthy and cancerous
renal tissue were detected. Contents of 18:2n-6 were signifi-
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TABLE 1 
Clinical Characteristics of the Renal Cell Carcinomas Studieda

WHO (UICC) No. of patients
classification (n = 19)

Primary tumor
pT1 Tumor ≤ 2.5 cm in greatest dimension, limited to the kidney 3
pT2 Tumor > 2.5 cm in greatest dimension, limited to the kidney 2
pT3a Tumor invades adrenal gland or perinephric tissues but not beyond Gerota’s fascia 7
pT3b Tumor grossly extends into renal vein(s) or vena cava below diaphragm 5
pT4 Tumor invades beyond Gerota’s fascia 2

aWHO, World Health Organization; UICC, Unio Internationale Contra Cancrum.

TABLE 2 
Percentage Lipid Class Distributions of Human Healthy
and Cancerous Renal Tissue (n = 5)

Content (%)

Lipid class Kidney RCCa

Cholesterylesters 3.3 ± 0.6 19.0 ± 17.5
Cholesterol 7.2 ± 2.0 7.8 ± 2.5
TAG 7.1 ± 5.6 15.3 ± 6.1b

FFA 1.8 ± 0.2 1.2 ± 0.4b

Sphingomyelin 11.9 ± 1.6 6.8 ± 3.2
PC 32.4 ± 2.2 23.7 ± 5.5
PE 21.2 ± 1.9 16.0 ± 6.8
PS 7.8 ± 1.4 5.3 ± 2.0
PI 7.3 ± 1.8 5.6 ± 2.0
aRenal cell carcinoma.
bSignificantly different from kidney (P < 0.5).

FIG. 1. Contents of CLA in the tissue lipid classes from human kidney
and renal cell carcinoma in percentage of total FA. Values are means ±
SD (n = 19). Columns marked with different letters within one kind of
tissue are significantly different (P < 0.05). Columns marked with an as-
terisk (*) indicate that corresponding healthy and cancerous tissues were
significantly different at P < 0.05. CE, cholesterylester.



cantly decreased in the FFA, PC, PE, and PS fractions from
RCC. No such unique trend was found for 20:4n-6: Contents
were significantly increased in the fractions TAG, PC, and
PE, but significantly decreased in the fractions FFA and PS
from RCC. For 20:3n-6 marked increases in content were ob-
served in the CE, TAG, PE, and PS fractions from RCC.
However, in the TAG fraction the increase was not signifi-
cant.

DISCUSSION

The determination of the lipid distribution in healthy and can-
cerous human tissues is very difficult and for obvious reasons
does not lend itself to repeated sampling. In addition, a high
SD was observed in the results of the 19 patients examined in
this study. Several factors contributed to the large variation, in-
cluding the relatively small sample size (19 patients), differ-
ences in the tumor classification of these renal patients, differ-
ences in the nutritional (dietary) status of the patients, and dif-
ferences in the renal zone sampled. Several authors have shown
that there are differences in the distribution of individual lipid
classes in the two renal zones, i.e., the cortex and medulla
(20,21), but the FA composition of kidney lipids is mainly de-
termined by the lipid fractions, and to a much lesser extent by
the zones (21). These nutritional and compositional differences
were minimized by comparing the adjacent healthy and can-
cerous tissue from each patient independently using a t-test for
paired values. This approach enabled us to evaluate and com-

pare healthy and cancerous tissue specimens with the same nu-
tritional status.

Our data show that PC and PE are the main lipid classes in
healthy human kidney and that the PL classes comprise about
80% of total lipid. In the literature, contradictory results are de-
scribed. Druilhet et al. (20) found that cortical renal lipids were
composed of 58% PL and 42% NL, but the extract of normal
kidney medulla contained less PL (37.7%) and more NL
(62.3%). In comparison with our data, they reported markedly
higher percentages of CE, Chol., and FFA, but smaller contents
of TAG, SM, PC, and PE in cortical as well as medullary renal
lipids. However, the results of Geers et al. (22), who analyzed
the PL composition of kidney cortex, are in good agreement
with our data on renal PL distribution.

In comparing healthy and cancerous renal tissue, marked in-
creases in the NL classes CE, Chol., and TAG from RCC were
observed. It has previously been determined that the lipid class
most consistently stored in clear RCC cells is Chol., primarily in
the ester form (23). Gebhard et al. (23) found 8-fold more total
Chol. and 35-fold more CE in clear RCC than in healthy kidney.
Possible explanations for the CE storage in clear RCC may be a
primary abnormality in fatty acyl-CoA:cholesterol acyl trans-
ferase (ACAT, EC 2.3.1.26) activity or a reduced release of free
Chol. (relative to cell content) with a secondary elevation in
ACAT activity (23). Furthermore, Gebhard et al. (23) found a
large, but variable, increase in the TAG content of clear RCC.

By determining the incorporation of CLA into the lipid
classes from healthy and cancerous human renal tissue, several
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FIG. 2. Contents of single CLA isomers in the tissue lipid classes from
human kidney (A) and renal cell carcinoma (B) in percentage of total
CLA. Values are means ± SD (n = 19). Columns marked with different
letters within one kind of tissue are significantly different (P < 0.05).
Columns marked with an asterisk (*) indicate that corresponding healthy
and cancerous tissues were significantly different at P < 0.05. For ab-
breviation see Figure 1.

FIG. 3. Contents of 18:2n-6, 20:4n-6, and 20:3n-6 in the tissue lipid
classes from human kidney (A) and renal cell carcinoma (B) in percent-
age of total FA. Values are means ± SD (n = 19). Columns marked with
different letters within one kind of tissue are significantly different (P <
0.05). Columns marked with an asterisk (*) indicate that corresponding
healthy and cancerous tissues were significantly different at P < 0.05.
For abbreviation see Figure 1.



characteristic features became immediately apparent. First,
CLA was preferentially incorporated into the NL classes from
healthy as well as from cancerous renal tissue. Second, its dis-
tribution profile resembled closely the profile of MUFA. Third,
in contrast to CLA, 18:2n-6 had a very different distribution
pattern, with a more substantial incorporation into PC and PS.
Thus, our data demonstrate that CLA does not behave like
18:2n-6. Instead, it identifies more closely with MUFA in terms
of the lipid distribution pattern. Similar results are reported for
the lipid class incorporation of CLA into rat liver (9). As the
tissue concentration of 18:2n-6 is higher than that of CLA,
Banni et al. (9) speculated that the more plentiful 18:2n-6 may
tend to exclude CLA from the incorporation into PL and drive
it into storage as a component of NL. Alternatively, there might
be discriminating controls for 18:2n-6 and CLA uptake into PL
classes based on structural or biochemical determinants. Fur-
thermore, our data show different incorporation patterns for in-
dividual CLA isomers into renal NL and PL classes.

In the literature, several studies dealing with the incorpora-
tion of CLA into several types of animal tissue are described
(8–12). However, studies on humans are rare, as human tissues
can only be obtained as waste products from surgeries, and sys-
tematic nutritional studies are impossible. As mentioned ear-
lier, the results of animal studies cannot easily be assigned to
humans because of species and tissue differences. Most of the
studies providing data on CLA lipid class distribution in hu-
mans have focused on the analysis of serum or plasma lipids,
and the results are contradictory (24–27). Shahin et al. (24)
found the percentage CLA content was highest in plasma TAG
(0.39%), followed by CE (0.26%) and PL (0.22%). The FFA
fraction was found to contain very little CLA (0.06%). Mou-
gios et al. (25) reported a varying distribution, the percentage
CLA content being highest in serum PL (0.24%), followed by
TAG (0.17%), FFA (0.17%), and CE (0.13%). There are no
data on the CLA lipid class distribution in human kidney or
other tissues.

In comparing RCC and healthy renal tissue, CLA content
was significantly decreased in the CE fraction and slightly, but
significantly, increased in the PE and PS fractions from RCC.
The percentage decrease of CLA in CE is most probably the
consequence of the enhanced incorporation of CE into RCC.
Gebhard et al. (23) reported that oleate is the main form of the
additional CE. However, the significantly increased CLA con-
tents of PE and PS, even in this inconsistent collective of RCC
patients studied, are of great interest, as Belury (28) suggests
the anticarcinogenic effect of CLA is associated with a change
in membrane PL composition, which may ultimately affect
events such as oxidative stress, eicosanoid synthesis, and sig-
nal transduction pathways. It is possible that the NL pool of
CLA represents a relatively inert storage form, whereas the fast
turnover PL pool of CLA is biochemically more important be-
cause of its ready accessibility as a signaling molecule.

The most significant variations in content between healthy
and cancerous renal tissue were found for t10,c12-CLA. Stud-
ies on the anticarcinogenic effect of individual CLA isomers
are rare and contradictory. Only c9,t11- and t10,c12-CLA have

been examined so far. Kim et al. (29) found that t10,c12-, but
not c9,t11-CLA, inhibits the growth of CACO-2 colon cancer
cells. In contrast, Palombo et al. (5) reported an antiprolifera-
tive effect for both CLA isomers in colorectal and prostatic
cancer cells.

Our data on the lipid class distribution of the n-6 PUFA
18:2n-6, 20:4n-6, and 20:3n-6 are in general agreement with
the data on rat renal cortical lipids previously reported (21).
However, Müller et al. (21) did not examine individual PL
classes, but PL in sum.

There were several significant differences in the PUFA con-
tent between RCC and healthy renal tissue. This was of inter-
est since dietary CLA reportedly interferes with 20:4n-6 me-
tabolism (6). An influence of diet on the contents of n-6 FA in
kidney has already been shown for other FA than CLA. Kin-
sella et al. (30) reported that t,t-18:2n-6 at 50 and 100% of di-
etary fat decreased kidney size and altered its composition. The
concentrations of renal Chol., PL, TAG, and CE were de-
creased. 18:2n-6, 20:3n-6, and 20:4n-6 were significantly de-
pressed in lipid classes, especially in PL and CE. Swanson et
al. (31) investigated the rate and extent of modification of FA
composition of mice lung and kidney by dietary menhaden oil.
The n-3 PUFA, 20:5n-3 and 22:6n-3, were rapidly incorporated
into lung and kidney PL classes. A concomitant and rapid de-
crease in content was observed for the n-6 PUFA, 18:2n-6,
20:4n-6, and 22:5n-6.
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ABSTRACT: The hitherto unknown 2-methylsulfanyldecanoic
acid and 2-methylsulfanyldodecanoic acid were synthesized
from methyl decanoate and methyl dodecanoate, respectively,
through the reaction of lithium diisopropylamide and dimethyld-
isulfide in THF followed by saponification with potassium hy-
droxide in ethanol. Both α-methylsulfanylated FA were cytotoxic
to the human chronic myelogenous leukemia K-562 and the
human histiocytic lymphoma U-937 cell lines with EC50 values
in the 200–300 µM range, which makes them more cytotoxic to
these cell lines than decanoic and/or dodecanoic acid. The cyto-
toxicity of the studied FA toward K-562 followed the order
2-SCH3-12:0 > 2-SCH3-10:0 > 10:0 > 12:0 > 2-OCH3-12:0,
whereas toward U-937 the cytotoxicity was 2-SCH3-10:0 > 2-
SCH3-12:0 > 12:0 > 10:0 > 2-OCH3-12:0. These results indicate
that the α-methylsulfanyl substitution increases the cytotoxicity
of the C10 and C12 FA toward the studied leukemia cell lines.

Paper no. L9820 in Lipids 40, 1063–1068 (October 2005).

FA at high concentrations are cytotoxic toward leukemia and
melanoma cell lines (1–4). For example, a recent study estab-
lished that the mitochondria from leukemic cells are more sus-
ceptible to the toxicity of FA than those from normal human
lymphocytes (1). In these studies a mixture of FFA in propor-
tions similar to the ones found in human plasma was found to
trigger apoptosis (DNA fragmentation) of Jurkat (T lympho-
cytes) and Raji (B lymphocytes) cells, which eventually led to
the loss of cell membrane integrity (necrosis). No considerable
difference in toxicity between the B and T cell lines was ob-
served, but the toxicity correlates with the carbon chain length
and number of double bonds in the FA chain (2). For example,
it was reported that dodecanoic acid is more cytotoxic than de-
canoic acid (2).

Our group has synthesized and explored the bioactivity of a
novel series of naturally occurring α-methoxylated FA for
some time (5). We have shown that this unusual group of FA
displays comparable and, in most cases, even better antimy-
cobacterial (e.g., 2-CH3O-10:0) (6), antibacterial (e.g.,
2-CH3O-16:1∆6) (7), antifungal (e.g., 2-OCH3-14:0) (8), and,
more important, antileukemic (e.g., iso-2-OCH3-15:0) (9)

properties than the corresponding nonmethoxylated FA. With
these properties of the α-methoxylated FA at hand, we envi-
sioned the possibility of synthesizing and exploring the an-
tileukemic properties of other heteroatom analogs, namely, the
unknown α-methylsulfanyl FA. The benefit of changing an
oxygen atom for a sulfur atom has literature precedents, since
there is considerable background in the literature regarding the
metabolic effects of sulfur-substituted FA, in particular the hy-
polipidemic effect of the 3-thia FA (10,11). A good example is
tetradecylthioacetic acid (TTA), which is a lipid-lowering
agent, i.e., it displays hypotriglyceridemic and hypocholes-
terolemic properties (11). In addition, TTA is incorporated into
cell phospholipids and cannot be β-oxidized (10). Despite these
intensive studies, however, it appears that nothing has been re-
ported regarding the metabolism and cytotoxic properties of
another possible family of sulfur-substituted FA, namely, the
α-methylsulfanyl FA.

In this work, we describe for the first time the preparation
of 2-methylsulfanyldecanoic acid (1b) and 2-methylsulfanyl-
dodecanoic acid (2b) and report that these sulfur FA analogs
are more cytotoxic to the leukemia K-562 and U-937 cell lines
than either decanoic or dodecanoic acid. The choice of these
cell lines was based on having the cells in stock in our labora-
tories and on  having the opportunity to compare the cytotoxic-
ity of the new acids with that of our previous database of the
2-methoxylated FA against the K-562 cell line (9).

MATERIALS AND METHODS

Instrumentation. 1H and 13C NMR spectra were recorded on
either a Bruker DPX-300 or a Bruker DRX-500 spectrometer.
1H NMR chemical shifts are reported with respect to internal
Me4Si, and chemical shifts are given in parts per million (ppm)
relative to CDCl3 (77.0 ppm). Mass spectral data were acquired
on a GC–MS (Hewlett-Packard 5972A MS ChemStation) in-
strument at 70 eV, equipped with a 30 m × 0.25 mm special per-
formance capillary column (HP-5MS) of polymethylsiloxane
cross-linked with 5% phenyl methylpolysiloxane.

2-Methylsulfanylation of the FAME. The C10 and C12 methyl
esters (0.10 g, 0.47–0.54 mmol) were dissolved in dry THF (2
mL) at −78°C and were added dropwise to 1.2 equiv of a THF
(1.5 mL) solution of lithium diisopropylamide (LDA: prepared
from diisopropylamine and n-butyllithium at −20°C for 15 min
under nitrogen). After stirring at −78°C for 45 min, dimethyl
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disulfide (1.2 equiv) was added to the reaction mixture, which
was further stirred for 1 h. Then, the reaction medium was
treated with a saturated NH4Cl solution and extracted with
ether (2 × 5 mL). The organic phase was successively washed
with a 0.1 M HCl solution (5–10 mL) and a saturated NaCl so-
lution (5–10 mL) and then dried over Na2SO4 to afford 0.10 g
(0.38–0.43 mmol) of the 2-methylsulfanyl methyl esters as col-
orless oils in 76–86% yields after Kugel-Rohr distillation of
the impurities. The higher yield (86%) was obtained for methyl
2-methylsulfanyldecanoate.

(i) Methyl 2-methylsulfanyldecanoate. IR (neat) νmax 2953,
2925, 2855, 1734, 1460, 1435, 1342, 1261, 1192, 1156, 1117
cm−1; 1H NMR (CDCl3, 300 MHz) δ 3.69 (3H, s, –OCH3),
3.14 (1H, dd, J = 8.3 and 8.4 Hz, H-2), 2.08 (3H, s, SCH3), 1.62
(2H, m, H-3), 1.22 (12H, brs, CH2), 0.83 (3H, t, J = 6.9 Hz,
CH3); 13C NMR (CDCl3, 125 MHz) δ 172.81 (s, C-1), 65.72
(q, –OCH3), 51.91 (d, C-2), 31.75 (t), 30.56 (t), 29.23 (t), 29.15
(t), 29.08 (t), 27.19 (t), 22.53 (t), 13.95 (q, C-10), 13.58 (q,
–SCH3); GC–MS m/z (relative intensity) M + 2 234 (2), M+

232 (30), 200 (13), 186 (20), 185 (18), 174 (12), 173 (100), 157
(37), 143 (13), 120 (34), 113 (2), 101 (5), 88 (14), 87 (39), 83
(18), 69 (29), 67 (11), 61 (26), 55 (32).

(ii) Methyl 2-methylsulfanyldodecanoate. IR (neat) νmax
2924, 2854, 1737, 1465, 1356, 1198, 1168, 721 cm−1; 1H NMR
(CDCl3, 300 MHz) δ 3.74 (3H, s, –OCH3), 3.16 (1H, dd, J =
8.3 and 8.4 Hz, H-2), 2.06 (3H, s, SCH3), 1.66 (2H, m, H-3),
1.24 (16H, brs, CH2), 0.86 (3H, t, J = 6.9 Hz, CH3); 13C NMR
(CDCl3, 125 MHz) δ 172.92 (s, C-1), 65.80 (q, –OCH3), 52.03
(d, C-2), 31.85 (t), 30.63 (t), 29.52 (t), 29.48 (t), 29.33 (t), 29.26
(t), 29.14 (t), 27.26 (t), 22.63 (t), 14.05 (q, C-10), 13.69 (q,
–SCH3); GC–MS m/z (relative intensity) M + 2 262 (1), M+

260 (21), 228 (11), 214 (18), 213 (17), 203 (5), 202 (15), 201
(100), 186 (6), 185 (45), 171 (7), 143 (9), 120 (45), 115 (4), 97
(16), 88 (14), 87 (44), 69 (23), 67 (11), 61 (28), 55 (36).

Saponification of the 2-methylsulfanyl FAME. Into a 25-mL
round-bottomed flask was added the 2-methylsulfanyl methyl
ester (0.050 g, 0.20–0.22 mmol) in 15 mL of 1 M KOH/etha-
nol and the mixture was refluxed for 1 h. The reaction mixture
was then cooled to room temperature, and the ethanol was re-
moved in vacuo. Hexane (15 mL) was added to the mixture,
and the organic phase was washed twice with water (2 × 10
mL). The aqueous phase was then acidified with 6 M HCl and
the FA extracted with ether (2 × 10 mL). The organic phase was
separated, dried over Na2SO4, and the solvent removed in
vacuo to afford the pure acids as colorless oils (0.030 g,
0.12–0.14 mmol) in 53–64% yield. The higher yield was ob-
tained again for the 2-methylsulfanyldecanoic acid (1b).

(i) 2-Methylsulfanyldecanoic acid (1b). IR (neat) νmax 3478
(br), 2925, 2855, 1742, 1465, 1436, 1360, 1246, 1198, 1167,
722 cm−1; 1H NMR (CDCl3, 300 MHz) δ 9.40 (1H, COOH),
3.44 (1H, dd, J = 7.0 and 7.2 Hz, H-2), 2.19 (3H, s, SCH3), 1.62
(2H, m, H-3), 1.25 (12H, brs, CH2), 0.88 (3H, t, J = 7.0 Hz,
CH3); 13C NMR (CDCl3, 125 MHz) δ 174.31 (s, C-1), 51.54
(d, C-2), 31.83 (t), 29.53 (t), 29.38 (t), 29.13 (t), 29.02 (t), 27.67
(t), 22.63 (t), 14.06 (q, C-10), 13.67 (q, –SCH3); GC–MS m/z
(relative intensity) M + 2 220 (2), M+ 218 (34), 200 (3), 175

(5), 174 (12), 173 (100), 171 (24), 157 (85), 143 (4), 129 (19),
119 (3), 113 (4), 106 (84), 101 (9), 95 (6), 88 (20), 87 (15), 83
(32), 81 (14), 73 (57), 69 (56), 67 (13), 61 (46), 57 (19), 55
(49).

(ii) 2-Methylsulfanyldodecanoic acid (2b). IR (neat) νmax
3419 (br), 2922, 2851, 1707, 1459, 1378, 1260, 1111, 1022,
908, 735 cm−1; 1H NMR (CDCl3, 300 MHz) δ 9.40 (1H,
COOH), 3.48 (1H, dd, J = 6.9 and 7.1 Hz, H-2), 2.17 (3H, s,
SCH3), 1.65 (2H, m, H-3), 1.25 (16H, brs, CH2), 0.88 (3H, t, J
= 7.1 Hz, CH3); 13C NMR (CDCl3, 125 MHz) δ 176.57 (s,
C-1), 47.48 (d, C-2), 31.80 (t), 29.74 (t), 29.58 (t), 29.52 (t),
29.40 (t), 29.28 (t), 27.46 (t), 27.13 (t), 22.89 (t), 14.33 (q, C-
12), 14.20 (q, –SCH3); GC–MS m/z (relative intensity) M + 2
248 (1), M+ 246 (26), 228 (2), 203 (4), 202 (12), 201 (85), 185
(100), 171 (4), 157 (7), 143 (4), 129 (9), 119 (3), 106 (81), 97
(23), 95 (10), 87 (14), 85 (10), 83 (29), 81 (12), 73 (48), 71
(14), 69 (32), 67 (14), 61 (36), 57 (21), 55 (48).

Cell culture. Two nonadherent cell lines were used in this
study, namely, the human histiocytic lymphoma U-937 (ATCC
CRL-1593), and human chronic myelogenous leukemia K-562
(ATCC CCL-243). These cells were cultured in RPMI 1640
medium that contained 10% Fetalclone III serum (K-562) or
Cosmic calf serum (U-937) (Invitrogen, Inc., Carlsbad, CA)
supplemented with 1% penicillin-streptomycin antibiotic solu-
tion (Sigma, St. Louis. MO). The cultures were maintained at
37°C in a humidified atmosphere of 95% air/5% CO2.

Cytotoxicity assay. Cells were inoculated into 96-well mi-
croplates at 5.0 × 105 cells/mL (100 µL/well) and incubated at
37°C for 24 h before treatment. Various concentrations (in
DMSO) of test agents were added to the cells, followed by fur-
ther incubation at 37°C for 48 h. The cells growing in suspen-
sion were fixed in situ with 50 µL/well of ice-cold 80%
(wt/vol) aqueous TCA solution to produce a final concentra-
tion of 16% TCA (wt/vol). The plates were incubated for 90
min at 4°C after which they were washed five times with water
and air-dried. A solution of 0.4% (wt/vol) sulforhodamine B in
1% (vol/vol) acetic acid was added (50 µL) to each well and
incubated for 15 min at room temperature. The plates were
washed five times with 1% (vol/vol) acetic acid, air-dried, and
incubated with 10 mM Tris-base (pH = 10.4) with shaking for
15 min at room temperature. The absorbance at 490 nm of sol-
ubilized stain was measured on a microplate reader (MRX II;
Dynex Technologies, Chantilly, VA). The concentration of FA
that inhibited growth in 50% (EC50) of the cells was calculated
using the Prism Software (Graphpad, San Diego, CA) from
titration curves generated from at least three independent ex-
periments, each performed in triplicate.

RESULTS AND DISCUSSION

To the best of our knowledge, the synthesis of α-methylsul-
fanylated FA appears not to have been reported before; there-
fore, we developed an efficient synthetic procedure that would
allow the preparation of a diverse series of α-methylsulfany-
lated analogs. We found that by starting with the correspond-
ing methyl alkanoates, treatment of the corresponding lithium
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enolates in THF with dimethyl disulfide afforded the correspond-
ing α-methylsulfanyl FAME in 76–86% yields (Scheme 1). The
reaction proceeded even better than the α-methylation of methyl
alkanoates with methyl iodide: Better yields were obtained, the
purification of the product was easier, and no double α-methyl-
sulfanylation was observed. As the chain length of the FAME
increased, however, the α-methylsulfanylation became more dif-
ficult, i.e., 86% yield for the C10 methyl ester vs. 76% yield for
the C12 methyl ester. For this reason, in the initial studies we con-
centrated our efforts on the synthesis of the short-chain C10 and
C12 α-methylsulfanyl FA. Final saponification with KOH in eth-
anol afforded the desired α-methylsulfanyl FA in 53–64% yields
(Scheme 1). Therefore, in following the above-described syn-
thetic methodology, the desired 2-methylsulfanyldecanoic acid
(1b) and 2-methylsulfanyldodecanoic acid (2b) were conve-
niently prepared in 40–55% overall yields from the correspond-
ing parent methyl esters.

The spectral and GC data of both the methyl 2-methylsul-
fanylated alkanoates and alkanoic acids deserve special men-
tion. The methyl 2-methylsulfanylated alkanoates displayed
long retention times on nonpolar gas columns (HP-5MS cap-
illary column) in the GC analysis owing to the presence of the

sulfur functionality. For example, methyl 2-methylsul-
fanyldecanoate possesses an ECL value of 12.94, whereas the
oxygen analog, namely, methyl 2-methoxydecanoate, has an
ECL value of 11.22 (6). The EI mass spectral fragmentation
of the 2-methylsulfanylated FA is quite characteristic, with
predominant cleavage occurring at the α-carbon atom of the
carbonyl. For example, in the MS (70 eV) of 2-methylsul-
fanyldecanoic acid (1b), the base peak was observed at m/z
173 [C10H21S]+, together with the expected McLafferty re-
arrangement at m/z 106 [C3H6SO2]+, a typical fragmentation
in all of the α-methylsulfanylated FA (Fig. 1). A less com-
mon mass spectral fragmentation was observed for 1b at m/z
157 [M+ − C2H5O2] with a considerable (85%) relative abun-
dance. The 1H NMR spectrum of 1b exhibited the H-2 hydro-
gen atom as a doublet of doublets at δ 3.44 ppm and the α-
methylsulfanyl substituent as a singlet at δ 2.19 ppm. In the
13C NMR spectrum of 1b, the C-2 carbon appeared at δ 51.5
ppm, and the methylsulfanyl substituent resonated at 13.7
ppm. The C-1 carbonyl group was observed at δ 174.3 ppm
in 1b, more upfield than the 177–178 ppm absorption found
for the carbonyl functionality in the 13C NMR spectrum of
most 2-methoxylated FA (6). These 1H and 13C NMR shifts
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FIG. 1. EI-MS (70 eV) of 2-methylsulfanyldecanoic acid (1b).



seem to be characteristic for saturated 2-methylsulfanylated
FA and they should be useful for future reference of similar
analogs.

The testing procedure described in the Materials and Meth-
ods section was followed for the acids 1b and 2b, and with de-
canoic and dodecanoic acids, to assess their effects on the two
leukemia cell lines K-562 (ATCC CCL-243) and U-937 (ATCC
CRL-1593) (Fig. 2). 2-Methylsulfanyldecanoic acid (1b) dis-
played an EC50 of 242 µM against K-562 and an EC50 of 310
µM against U-937, whereas decanoic acid displayed values
against K-562 and U-937 of only 411 and 648 µM, respectively
(Table 1). These results indicate that 1b is about two times
more cytotoxic to K-562 and U-937 than the parent decanoic
acid. In contrast, 2-methylsulfanyldodecanoic acid (2b) pos-
sesses an EC50 of 213 µM against K-562 and an EC50 of 375

µM against U-937, whereas dodecanoic acid displayed values
against K-562 and U-937 of only 589 and 516 µM (Table 1).
The second set of results confirms that 2b is also about two to
three times more cytotoxic to K-562 and U-937 than dode-
canoic acid. In addition to the above-mentioned FA, we also
studied the cytotoxicity of the 2-methoxydodecanoic acid to-
ward K-562 and U-937, to assess how the heteroatomic substi-
tution of an oxygen for a sulfur atom affects the toxicity.

We have previously described the synthesis of 2-methoxy-
dodecanoic acid (6). Unexpectedly, the 2-methoxylation de-
creased even further the cytotoxicity of the parent decanoic
acid, to values >1000 µM, against both cell lines (Table 1). In-
terestingly, the cytotoxicity of the FA toward K-562 followed
the order 2-SCH3-12:0 > 2-SCH3-10:0 > 10:0 > 12:0 > 2-
OCH3-12:0, whereas the order of cytotoxicity of these same

1066 N.M. CARBALLEIRA ET AL.

Lipids, Vol. 40, no. 10 (2005)

FIG. 2. Toxicity curves for 2-methylsulfanyldecanoic acid (1b), 2-methylsulfanyldodecanoic
acid (2b), decanoic acid, and dodecanoic acid toward the two leukemia cell lines K-562 and
U-937. 



FA toward U-937 was 2-SCH3-10:0 > 2-SCH3-12:0 > 12:0 >
10:0 > 2-OCH3-12:0. These results clearly indicate that α-
methylsulfanyl substitution increases the cytotoxicity of the
C10 and C12 FA toward the studied cell lines. Consequently,
such a functionalization should be useful for other FA to en-
hance the cytotoxicity toward these leukemia cell lines. How-
ever, the therapeutic potential of the α-methylsulfanylated FA
remains to be elucidated.

It is important to emphasize that the 2-methylsulfanyl sub-
stitution described herein does not necessarily increase the tox-
icity of FA toward other biological systems. For example, fol-
lowing a procedure that we already described (6), we explored
the inhibitory activity of the 2-methylsulfanyldecanoic acid
(1b) toward Mycobacterium tuberculosis H37Rv. We had pre-
viously shown that the 2-methoxydecanoic acid, as well as de-
canoic acid, inhibited M. tuberculosis H37Rv (6). Interestingly,
we found that acid 1b displayed no inhibitory activity toward
M. tuberculosis H37Rv, i.e., minimum inhibitory concentrations
exceeded 300 µM. Therefore, the 2-methylsulfanyldecanoic
acid (1b) seems to possess some specificity toward the
leukemia cell lines studied herein.

As to the mechanism of cytotoxicity displayed by these
novel α-methylsulfanylated FA, we may only speculate now.
Analogous to the reported mechanism of the normal-chain FA
with the Jurkat and Raji cells (1), one possible mechanism of
action for the α-methylsulfanylated FA is to trigger apoptosis
(DNA fragmentation) followed by loss of cell membrane in-
tegrity (necrosis); indeed, the mitochondria from leukemic cells
are known to be more susceptible to the toxicity of FA (2). Ev-
idently, the α-methylsulfanyl functionality possesses advanta-
geous properties to induce apoptosis in these FA compared
with normal-chain FA. Certainly, since the sulfur atom is more
polarizable than carbon, these acids are more acidic (pKa ∼ 3.7)
than the corresponding parent normal-chain FA (pKa ∼ 4.8), but
less acidic than the 2-methoxylated FA (pKa ∼ 3.5), and these
pH differences could influence the cytotoxicity of the sulfany-
lated FA (12). Moreover, the α-methylsulfanylated FA are ex-
pected to be more polar than the normal-chain FA, which
makes them more soluble in water, a fact that could also affect
the delivery of the FA to the active site in the targets.

Another difference that needs to be addressed is the impair-

ment and/or selectivity that the α-methylsulfanyl substituent
exerts on either the mitochondrial or peroxisomal β-oxidation
of these FA in leukemia cells (13,14). If the α-methylsulfany-
lated FA are oxidized and/or metabolized more slowly than the
normal-chain FA, this implies a longer half-life of these FA in
the cells and more time to exert their toxic effects. For exam-
ple, it has been reported that 2-methyldecanoyl-CoA, in con-
trast to its unbranched analog, was not oxidized by rat-liver mi-
tochondria and purified enzymes; however, 2-methylhexade-
canoyl-CoA was oxidized, although more slowly, than
palmitate (13).
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ABSTRACT: Lutein is an oxygenated carotenoid (xanthophyll)
found in dark green leafy vegetables. High intakes of lutein may
lower the risk of age-related macular degeneration. Current un-
derstanding of human lutein metabolism as it might occur in vivo
is incomplete. Therefore, we conducted a feasibility study where
we dosed a normal adult woman with 14C-lutein (125 nmol, 36
nCi 14C), dissolved in olive oil (0.5 g/kg body weight) and mixed
in a banana shake. Blood, urine, and feces collected before the
dose was administered served to establish baseline values. There-
after, blood was collected for 63 d following the dose, while feces
and urine were collected for 2 wk post-dose. The 14C contents in
plasma, urine, and feces were measured by accelerator MS. The
14C first appeared in plasma 1 h after dosing and reached its high-
est level, ≈2.08% of dose/L plasma, at 14 h post-dose. The plasma
pattern of 14C did not include a chylomicrons/VLDL (intestinal)
peak like that when the same subject received 14C-β-carotene (a
previous test), suggesting that lutein was handled differently from
β-carotene by plasma lipoproteins. Lutein had an elimination
half-life (t1/2) of ≈10 d. Forty-five percent of the dose of 14C was
eliminated in feces and 10% in urine in the first 2 d after dosing.
Quantifying human lutein metabolism is a fertile area for future
research.

Paper no. L9835 in Lipids 40, 1069–1073 (October 2005).

Lutein, an oxygenated carotenoid (xanthophyll) more specifi-
cally classified as a dihydroxycarotenoid, is found in dark green
leafy vegetables—such as kale, collard greens, and spinach—
and egg yolk (1). Epidemiological studies (2,3) indicate that
high intakes of lutein and its structural isomer zeaxanthin re-
duce the risk of age-related macular degeneration (AMD), a
progressive disease that causes loss of central vision. Ingested
lutein and zeaxanthin are selectively accumulated as a yellow
spot at the center of the retina where they are frequently re-
ferred to as macular pigments (MP) (4).

It has been hypothesized that MP protect the retina against
AMD by absorbing short-wavelength visible light and reduc-

ing chromatic aberration. MP are also thought to function as
antioxidants by quenching free radicals and singlet oxygen,
which are generated in the retina by the simultaneous presence
of light and oxygen (5,6). Additional evidence for a key role of
lutein and zeaxanthin in reducing the risk of AMD are their
specific target, since lutein and zeaxanthin are located in the
human rod outer segment (ROS), which is the region of the
retina that is most exposed to oxidation (7).

Lutein supplementation leads to a marked increase in serum
lutein levels and in total MP O.D. in humans (8–10). However,
quantification of in vivo human xanthophyll metabolism is in-
complete except for the studies that used 13C- (11–13) and
deuterated lutein (14). These studies found that labeled lutein
first appeared in plasma at ≈4 h after dosing and reached maxi-
mal concentrations between 8 and 24 h post-dose. We used a
small dose of 14C-lutein, frequent blood sampling over a long
period of time, and complete collection of feces and urine for 2
wk as a feasibility study to quantify lutein metabolism in an
adult woman.

The fate of minute 14C-tracer doses, measured by accelera-
tor MS (AMS), is increasingly being used to quantify human
micronutrient metabolism in healthy volunteers (15–17). AMS
is an isotope ratio technique that measures 14C/12C ratios to the
parts per quadrillion (10−15), quantifying labeled biochemicals
to attomole (10−18) levels in milligram-sized samples. At atto-
mole levels of sensitivity, the radiation exposure is negligible,
allowing in vivo testing in healthy subjects. Furthermore, be-
cause a combustion step precedes the isotope ratio analysis,
complex matrices such as urine and stool can be analyzed un-
processed.

Here we describe a feasibility study where the 14C from
orally administered 14C-lutein was followed in plasma, feces,
and urine of an adult volunteer using AMS methodology.

EXPERIMENTAL PROCEDURES

Informed written consent was obtained from a volunteer under
the guidelines established by the Human Subject Review Com-
mittee. The Radiation Safety and Humans Subjects Commit-
tees of the University of California at Davis and Lawrence Liv-
ermore National Laboratories (LLNL) approved all protocols.

Biosynthesis and purification of 14C-lutein. Mature spinach
plants (30 d of age) were placed into an atmospherically sealed

Copyright © 2005 by AOCS Press 1069 Lipids, Vol. 40, no. 10 (2005)

*To whom correspondence should be addressed at Department of Nutrition,
University of California, One Shields Ave., Davis, CA 95616-8669.
E-mail: ajclifford@ucdavis.edu
Abbreviations: AMD, age-related macular degeneration; AMS, accelerator
MS; AUC, area under the concentration–time curve; AUMC, area under the
moment curve; DANR, Division of Agriculture and Natural Resources at the
University of California, Davis; LLNL, Lawrence Livermore National Labo-
ratories; MP, macular pigment; MST, mean sojourn time.

COMMUNICATIONS

Kinetics of 14C Distribution After Tracer Dose
of 14C-Lutein in an Adult Woman
Fabiana F. de Moura, Charlene C. Ho, Girma Getachew,

Sabrina Hickenbottom, and Andrew J. Clifford*
Department of Nutrition, University of California Davis, California 95616-8669

 



plant chamber and allowed to acclimate for 2 d (18). Exposure
was initiated by adding 10 mCi per day as a solution of
NaH14CO3 to excess acid and was continued for 4 d. Labeled
spinach was then harvested (~500 g).

A mass of spinach (50 g) was minced for 5 min in a 4-L
bucket with 400 mL of methanol containing 100 mM mercap-
toethanol. Hexane (500 mL) was then added and the suspen-
sion was filtered through glass wool and sodium sulfate; the
solids were washed with hexane until they were bleached of
color.

Lutein was found to reside completely in the methanol layer,
which was then applied to a conditioned 15 g strong anion ex-
change column. None of the lutein was retained on the resin,
and the total eluent from the column was saponified using 5%
potassium hydroxide in methanol with pyrogallol. The saponi-
fication was conducted under argon at 23°C for 1.5 h. The sam-
ple was cooled, and 2 vol of deionized water was added.

The saponified mixture was extracted with 10 vol of 50:50
ether/hexane. This procedure was repeated three times. The
volume of the extract was reduced by rotary evaporation and
filtered through glass wool and sodium sulfate. The resultant
material was loaded onto prepared NH4 solid phase extraction
columns (500 mg resin bed, 2.8 mL, aminopropyl bonded sil-
ica; Alltech, Deerfield, IL).

The column was first washed with hexane. In a second step,
the column was washed with 2% 2-propanol in 75:23
hexane/ethyl acetate. Finally, in a third step, the column was
washed with a 5% 2-propanol in 75:20 hexane/ethyl acetate to
elute lutein. The lutein fraction was then dried under argon gas
and resuspended in 50:50 acetonitrile/methylene chloride for
HPLC analysis.

The purification of lutein was performed on an HPLC Sys-
tem (Model 1100; Agilent Technology, Palo Alto, CA) equipped
with a quaternary solvent delivery system, a 200-µL loop, a ther-
mostat-controlled column compartment, and a photodiode array
detector. RP-HPLC separation was carried out using isocratic
conditions of acetronitrile/methanol (80:20, vol/vol) with an Ul-
traTracarb column (25 cm length × 10 mm i.d.; Phenomenex,
Torrance, CA). The flow rate was 3 mL/min. For identification
purposes, a lutein standard (Sigma, St. Louis, MO) was con-
comitantly injected with the lutein fraction, and the HPLC run
was monitored at 445 nm. The purified lutein was dried under
argon, suspended in ethanol, and its concentration determined
spectroscopically at 445 nm using a molar extinction coefficient
of 145 × 103 (19). The purity of lutein was >99%.

The specific activity of the lutein dose was determined by
absorbance and β-scintillation counting. The lutein concentra-
tion in the pooled fraction was 62.36 µmol/L. The radioactivity
found in a 50 µL sample was 0.899 nCi. Therefore, the specific
activity was 0.288 Ci/mol. The accuracy was verified on two
scintillation counters checked with NIST-certified 14C quench
standards. Figure 1 shows the chemical structure of lutein.

Dose preparation. The dose consisted of 36 nCi 14C-lutein
(71 µg in 1.583 g ethanol) dissolved into 32 g of olive oil (0.5
g/kg body weight). The olive oil was incorporated in a banana
shake prepared with a small banana (168 g), 110 mL of skim

milk, and 2 tablespoons of sugar (~28 g). Half of the drink was
combined with the dose and consumed immediately. The other
half was used to rinse the container. The test meal contained
54% of the energy as fat to ensure optimal lutein absorption.

Subject, diet, and specimen collection. The subject was a
45-yr-old woman, a nonsmoker, in good health with a body
mass index of 27.6 kg/m2 (64.1 kg). Her nutrient intake was
within normal ranges. The morning before the dose, a fecal and
a 24-h urine collection was made and continued for 2 wk. That
afternoon the subject was fitted with an intravenous catheter in
her cubital median forearm vein. The patency of the catheter
was maintained by flushing with 2 mL of saline right after each
half hour blood draw and 2 mL of saline followed by 1 mL of
heparin in between hour blood draws. All blood samples were
collected into vacutainer tubes containing potassium ethylene-
diaminetetraacetate (K3-EDTA). A baseline blood sample (10
mL) was taken just before the dose was administered. On the
first day of sampling, 10 mL of blood was collected every half
hour starting at time zero for the first day of the study. Collec-
tion time points were every half-hour (0–10 h), every hour
(11–14 h) and then at 25, 49, 74, 98, 122, 146.5, 242.5, 290.5,
338.5, 434.5, 602.5, 650.5, 674.5, 842.5, 1178.5, and 1514.5
hours post-dose. After the first and second days of the study,
blood draws were taken in the fasted state.

Specimen preparation. Plasma was separated from the red
blood cells by centrifugation and stored at −75°C until needed.
A 40-mL aliquot of urine collections was removed and stored
at −75°C until analysis. Feces were collected in 4-mm-thick
plastic bags and weighed. A volume of a 50:50 1 M potassium
hydroxide and 2-propanol solution equivalent to five times the
sample’s mass was added to each bag. The specimen was dis-
persed using a Stomacher laboratory blender (Fisher Scientific:
Model 3500) for 2 min at the high setting. The sealed bag was
then heated for 2 h in an 80°C water bath. Following this treat-
ment, samples were then redispersed for a second time for 2
min. The samples were returned to the 80°C water bath for an-
other 2 h, and again dispersed for 2 min using the Stomacher.
A 40-mL aliquot was then transferred to a 50 mL centrifuge
tube (Falcon) that contained ≈8 mL of glass beads (6 mm,
Fisher Scientific) and shaken on a Wrist-action Shaker (model
75; Burrell Scientific, Pittsburgh, PA) for at least 4 h. At this
point, an aliquot of 500 µL was removed for total carbon and
14C analysis. To prevent carotenoid oxidation, all procedures
were conducted under yellow light.

Total carbon analysis. Total 12C was assessed for each bio-
logical sample. Total carbon was measured (20) at the Division
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FIG. 1. Chemical structure of dietary (3R,3’R,6’R)-lutein. The systematic
name of this carotenoid is followed by its common name (shown in
brackets).



of Agriculture and Natural Resources (DANR) at the Univer-
sity of California, Davis. Urine (75 µL), stool (75 µL), and
plasma (25 µL) aliquots were lyophilized and sent to DANR
for combustion and therefore total carbon determination.

Accelerator MS. The 14C determinations were made at the
Center for the Accelerator Mass Spectrometry (CAMS) at
LLNL (Livermore, CA). Aliquots of plasma (25 µL), urine (75
µL), and feces (500 µL) were analyzed neat by evaporating to
dryness. Then, 2 µL of tributyrin (cat. #103111, lot# 2949H,
MP Biomedical, LLC, Solon, OH) was added to each dried
sample to provide 1 mg of total carbon. The tributyrin used in
this study had a minimal (background) level of 14C radioactiv-
ity of 0.0284 Modern. A Modern is defined as 13.56 dpm per
gram of carbon and is equivalent to 97.8 attomoles of 14C/mg
carbon or 6.11 femtoCurie/mg carbon.

Chemicals. All chemicals were checked for 14C content by
AMS prior to use. All solvents and other chemicals were HPLC
grade. Chemicals and labware were obtained from Fisher Sci-
entific (Santa Clara, CA), unless otherwise noted.

Calculations. A three-term exponential equation was used
to describe the appearance and disappearance of 14C from the
plasma. The three-term exponential equation consisted of (y =
a1e−b1t + a2e−b2t + a3e−b3t) with weighted, nonlinear least
squares regression using PKAnalyst version 1.0 (MicroMath
Scientific Software, Salt Lake City, UT).

The area under the plasma concentration–time curve was
calculated as AUC = ∫ ∞

0 y(t)dt. The area under the moment
curve was calculated as AUMC = ∫∞

0 t × y(t)dt. Then we calcu-
lated the AUMC/AUC, a commonly used measure of mean so-
journ time, MST.

RESULTS

The fraction of the dose of 14C/L plasma by time since dose ap-
pears in Figure 2. The 14C label first appeared in plasma after a
1-h delay. The maximum of 14C, representing 2.08% of the
dose/L plasma, was observed at 14 h (0.58 d). A poorly re-
solved peak (shoulder) was observed on the second day post-
dose indicating that the plasma 14C existed in more than a sin-
gle pool. From the third to the sixty-third day the level of 14C
decreased gradually to baseline.

Elimination of 14C in feces and urine appears in Figure 3 as
the cumulative fraction of dose. Forty-five percent of the 14C
tracer was excreted in the feces in the first 3 collections over
the period of 2 d; this amount represented the percentage of the
dose that was not absorbed. An additional 3% of the dose was
eliminated in the feces in the following 11 d. One-tenth of the
absorbed dose was eliminated in urine during the first 14 d.

The three-term exponential equation y(t) = −4.25e−1.44*(Time−
Tlag) + 4.24e−1.43*(Time−Tlag) + e−0.07*(Time−Tlag) provided a good
fit of the plasma 14C-lutein concentration as a function of time
after dose. From this equation AUC and AUMC were calculated
to be 0.1929 µmol × d/L plasma and 2.55 µmol × d2/L plasma,
respectively. For 14C-lutein, the ratio of AUMC/AUC, which
represents the mean sojourn time (MST), was 13.22 d. The elim-
ination half-life (t1/2) for lutein was calculated as 9.85 d.

DISCUSSION

In the present feasibility study, a female volunteer was found
to absorb 55% of a small tracer dose of 14C-lutein that was
given in a banana milk shake. Our result fits well with the range
of 45–54% relative bioavailability of lutein obtained from raw
and processed spinach (21). These results are also in agreement
with a recent finding that response to lutein from spinach is
comparable to that from lutein supplements (22). However,
human (23) and cell culture (24) studies have shown a signifi-
cantly higher bioavailability of lutein from supplements com-
pared with those from food. The route of elimination for the
14C tracer was mainly in the feces, which represented 45% of
the dose in the first 2 d. Only 10% of the dose was eliminated
via urine. We did not find elimination/recovery data for admin-
istered lutein in the scientific literature.

The plasma 14C profile in Figure 2 was expected. The 1-h
delay in the first appearance of 14C could represent the time for
the administered lutein to reach the site of absorption from the
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FIG. 2. The pattern of 14C in plasma with time following an oral dose of
14C-lutein.

FIG. 3. Cumulative loss of 14C in urine and feces as a function of time
following an oral dose of 14C-lutein.



intestine and be secreted in chylomicrons (25). The timing of the
plasma 14C peak at 14 h compares well with the 16 h peak after
a lutein supplement (26), the 11 h peak after administration of
13C-lutein (27,28), and the13–24 h peak after administration of
deuterated lutein (14). The mass of lutein administered in the pre-
sent study was only 125 nmol compared with ≈33 µmol typical
of prior studies. Our frequent plasma sampling over a relatively
long time after dosing yielded a dataset consistent with the sci-
entific literature, thus demonstrating the feasibility of our ap-
proach using AMS. Human lutein metabolism can be quantified
in steady state for long periods to ensure complete equilibration
of the 14C-tracer with the deepest (slowest turning-over) pools
that determine late-phase plasma kinetics.

The 14C detected by AMS does not provide information on a
specific metabolite; that can be accomplished by further charac-
terization via HPLC. To further clarify the transport of lutein in
circulation, a study of the distribution of the 14C into the lipopro-
teins would be necessary. Future studies will be undertaken to
determine whether the 14C label is associated with lutein or its
metabolite and their distribution into the lipoprotein classes.

When the same female was administered a tracer dose of 14C-
β-carotene (29) the absorption was 52%, a value virtually identi-
cal to the 55% for lutein. Although the percent absorption of both
carotenoids was identical, each one showed a distinct 14C profile
in plasma (Fig. 4), indicating that the metabolisms of lutein and
β-carotene differ from one another. The profile from adminis-
tered 14C-β-carotene had two peaks. One was 14C-retinyl esters
in chylomicrons + intestinal VLDL at ≈0.27 d before being taken
up by liver. The other was 14C-retinol bound to retinol-binding
protein after release from liver at 0.5 d. The profile after 14C-
lutein administration did not show a pattern with a peak at 0.27 d
that corresponded with chylomicrons + intestinal VLDL, indi-
cating that lutein transport by lipoproteins differs from that of β-
carotene as previously suggested (30). Finally, the use of more
polar (lutein) labeled carotenoid which is located at the surface
of the lipoproteins, and a polar β-carotene, located at the core,
can help to clarify the similarities and differences of the metabo-
lism and transport of other core and surface components of
lipoproteins. Furthermore, 14C-carotenoids can be used to label
plasma lipoproteins differentially and provide important infor-
mation on the metabolism of lipoproteins themselves. A lutein
receptor, the scavanger receptor SR-BI, has already been re-
ported (31); it may favor absorption of lutein over β-carotene.

Recently, Thurmann et al. (32) reported a t1/2 of 5.6 d in hu-
mans. The t1/2 of 9.9 d that we observed fits well with the t1/2
of 12 d  for zeaxanthin (33). Depletion studies reported half-
lives of lutein to be 76 d (34), and 33–60 d (35). The longer
half-lives obtained from those studies are a result of the deple-
tion of lutein in tissue pools.

In conclusion, 55% of the 14C-lutein dose was absorbed, and
the major route of elimination was via feces. Also, lutein me-
tabolism differs from that of β-carotene, and comparative study
of the way that lipoproteins handle various carotenoids remains
a fertile area for future research. The data presented in this fea-
sibility study are from only one subject; therefore they should
be interpreted with caution.
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ABSTRACT: A mixture of five new ceramides was isolated from
the aerial parts of Rantherium suaveolens and characterized by
spectroscopic and chemical methods. Their structures were elu-
cidated by spectroscopic and chemical methods as (2S,3S,
4R,2′R,14E)-2-(2′-hydroxydocosanoylamino) - 14 - octadecene -
1,3,4-triol (1), (2S,3S,4R,2′R,14E)-2-(2´-hydroxytricosanoy-
lamino)-14-octadecene-1,3,4-triol (2), (2S,3S,4R,2′R,14E)-2-(2′-
hydroxytetracosanoylamino)- 14 - octadecene - 1,3,4 - triol (3), (2S,
3S,4R,2′R,14E) - 2 - (2′ - hydroxypentacosanoylamino) - 14 - octade-
cene - 1,3,4-triol (4), and (2S,3S,4R,2′R,14E)-2-(2′-hydroxyhexa-
cosanoylamino)-14-octadecene-1,3,4-triol (5).

Paper no. L9865 in Lipids 40, 1075–1079 (October 2005).

Rantherium suaveolens Desf. (Compositae), locally known as
Arfej, is a perennial weedy shrub widely distributed in south
Tunisia (1–3). As part of our work on bioactive substances from
plant species growing in Tunisia (4–6), we have previously re-
ported the isolation of polyacetyleneic alcohols, terpenoids, and
coumarins from extracts of R. suaveolens (4,6). In this commu-
nication we describe the isolation of five new ceramides from
the methanolic extract of R. suaveolens aerial parts.

EXPERIMENTAL PROCEDURES

Chromatographic and instrumental methods. Optical rotations
were obtained using a PerkinElmer 241-MC polarimeter. FTIR
spectra were measured on a PerkinElmer 157G IR spectropho-
tometer in KBr pellets. The NMR spectra were recorded on a
Bruker ARX 400 NMR spectrometer (1H at 400 MHz; 13C at
100 MHz), using CDCl3 and CD3OD as solvents. FABMS was
carried out on a Micromass Autospec spectrometer using glyc-
erol as matrix. GC–MS was performed on an HP 5890 gas
chromatograph–mass spectrometer in EI mode at 70 eV with
an HP5-MS capillary column (30 m × 0.25 mm) packed with
5% diphenyl-polysiloxane/95% dimethyl-polysiloxane. He-
lium was used as carrier gas, and the column temperature was
ramped from 80 to 250°C at 5°C/min.

Materials. Column chromatography (CC) and TLC were
performed on silica gel (0.063–0.200 mm) and precoated silica
gel F254 plates, respectively, both from Merck (Darmstadt, Ger-
many).

Aerial parts of R. suaveolens were collected at Médenine
(Tunisia) in May 2002, and identified by Dr. F. Harzallah-
Skhiri from the Laboratoire de Biologie Végétale et Botanique,
Ecole Supérieure d’Horticulture et d’Elevage de Chott Mériem,
Université du Centre (Sousse, Tunisia). A voucher specimen
(RS-100) is deposited at the Laboratoire de Chimie des Sub-
stances Naturelles et de Synthèse Organique, Faculté des Sci-
ences de Monastir (Monastir, Tunisie).

Extraction and isolation. The air-dried aerial parts of R.
suaveolens comprising leaves, stems, and flowers (2 kg) were
powdered and extracted three times with 6 L of MeOH at room
temperature for 3 wk (1 wk/extraction). The residue obtained
after removal of the solvent in vacuo (316 g) was further ex-
tracted with EtOAc (2 L), and the resulting extract (32 g) was
then submitted to gradient CC on silica gel by elution with pe-
troleum ether/EtOAc (80:20–100% EtOAc) and EtOAc/MeOH
(95:5–100% MeOH). The fraction representing 100% EtOAc
elution (2.28 g) was subjected to silica gel CC (CHCl3/MeOH
9:1, vol/vol) to yield five fractions (F1–F5). Recrystallization
of F3 from MeOH afforded the mixture of compounds 1–5 (26
mg), which showed a single spot on TLC plates.

Mixture 1–5. White amorphous powder; [α]25
D = +27° (c =

2.0, CHCl3). IR (KBr) νmax 3334, 3215 (OH), 2849, 2917,
1621 (N–C=O), 1544 (NH), 1466, 1277, 1021, 963, 722 cm−l;
1H and 13C NMR data see Table 1; positive FABMS m/z (rela-
tive intensity, %): 710 [M1 + H]+ (1), 696 [M2 + H]+ (2), 682
[M3 + H]+ (8), 668 [M4 + H]+ (3), 654 [M5 + H]+ (2), 316
[C3H7–CH=CH–(CH2)9–CH(OH)–CH(OH)–CH(CH2OH)–N
H3]+ (100), 185 (12).

Acetylation of 1–5. A solution of the mixture 1–5 (8 mg) in
pyridine (1 mL) was treated with acetic anhydride (1 mL) and
allowed to stand overnight at room temperature. The reaction
mixture was then diluted with water (5 mL) and extracted with
(CHCl3, 3 × 10 mL). The residue obtained from the organic
phase was subjected to silica gel CC (hexane/EtOAc 7:3,
vol/vol) to afford 9.8 mg of the peracetate mixture 1a–5a.
White amorphous powder; IR (KBr) νmax 2924, 2854, 1748
(–COCH3), 1694 (N–C=O), 1532 (N–COCH3), 1465, 1370,
1226, 1045; lH and 13C NMR data see Table 1; positive
FABMS m/z (relative intensity, %): 878 [M1 + H]+ (4), 864 [M2
+ H]+ (4), 850 [M3 + H]+ (11), 836 [M4 + H]+ (5), 832 [M3 –
AcOH + H]+ (5), 822 [M5 + H]+ (5), 818 [M1 – AcOH + H]+

(15), 804 [M2 – AcOH + H]+ (21), 790 [M3 – AcOH + H]+

(65), 776 [M4 – AcOH + H]+ (11), 763 [M5 – AcO + H]+ (16),
762 [M5 – AcOH + H]+ (35), 262 [C18H31N + H]+ (100).

Copyright © 2005 by AOCS Press 1075 Lipids, Vol. 40, no. 10 (2005)
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Methanolysis of 1–5. The mixture 1–5 (12 mg) was dis-
solved in 1 mL MeOH containing 4 mL of 1 N HCl and re-
fluxed for 18 h (7). The reaction mixture was neutralized with
NaHCO3 and extracted with hexane (3 × 10 mL). The hexane
fraction was purified by silica gel CC using hexane/EtOAc
(9:1, vol/vol) as eluent, to yield a 5.6 mg mixture of FAME (6),
which were identified by GC–MS as methyl-2-hydroxydo-
cosanoate {m/z 370 [M]+ (40%)}, methyl-2-hydroxytri-
cosanoate {m/z 384 [M]+ (40%)}, methyl-2-hydroxytetra-
cosanoate {m/z 398 [M]+ (25%)}, methyl-2-hydroxypenta-
cosanoate {m/z 412 [M]+ (1%)}, and methyl-2-hydroxy-
hexacosanoate {m/z 424 [M]+ (9%)}.  [α]25

D = +9º (c = 1.4,
CHCl3); lH NMR (400 MHz, CDCl3) δ 0.87 (t, J = 7.0 Hz,
CH3), 1.25 (brs, CH2), 3.78 (s, OCH3), 4.18 (m, H-2′); 13C
NMR (100 MHz, CDCl3) δ 14.1 (CH3), 22.7 (CH2), 24.7
(CH2), 29.3 (CH2), 29.5 (CH2), 31.8 (CH2), 34.4 (CH2), 52.4
(OCH3), 70.5 (CHOH), 175.9 (CO). The MeOH/H2O phase
was evaporated and the residue acetylated as previously de-
scribed. Purification by silica gel CC (hexane/EtOAc 6:4,
vol/vol) yielded 3.8 mg of the tetraacetylated long-chain base
(LCB) (2S,3S,4R,14E)-2-acetamido-1,3,4-triacetoxy-14-oc-
tadecene (9). White amorphous powder; [α]25

D = +27° (c = 1.5,
CHCl3); lH NMR (400 MHz, CDCl3) δ 0.87 (t, J = 7.0 Hz,
CH3), 1.25–1.31 [m, (CH2)n], 2.02 (s, COCH3), 2.04 (s,
COCH3), 2.07 (s, COCH3), 3.99 (d, J = 11.2 Hz, H-1a), 4.33
(dd, J = 11.2, 6.2 Hz, H-1b), 4.46 (m, H-2), 4.93 (d, J = 9.2 Hz,
H-4), 5.09 (d, J = 7.6 Hz, H-3), 5.37 (m, H-13, H-14), 5.98 (d,
J = 8.8 Hz, NH); EI-MS (70 ev) m/z (relative intensity, %) 483
[M]+ (5), 423 [M – AcOH]+ (30), 364 [M – 2AcOH – H]+ (28),
184 (57), 144 (76), 83 [C6H11]+ (100). 

(R)-α-Methoxy-α-(trifluoromethyl)phenylacetyl acid
(MTPA) esters of FAME (6a). To a solution of FAME (4 mg) in
CH2Cl2 (5 mL) was added N,N-dimethylaminopyridine (0.24
mg, 0.2 µmol), dicyclohexylcarbodiimide  (3.71 mg, 18 µmol),
and (R)-MTPA (2.8 mg, 12 µmol). After heating overnight with
stirring and gentle reflux, the reaction mixture was filtered, di-
luted with CH2Cl2 (25 mL), and washed with 1 M NaHCO3 (2
× 20 mL). The organic layer was collected, dried over anhy-
drous MgSO4, filtered, and concentrated in vacuo. The residue
was purified by silica gel CC with hexane/EtOAc 9:1 (vol/vol)
elution, to afford the corresponding Mosher esters. lH NMR
(400 MHz, CDCl3) δ 0.85 (t, J = 7.2 Hz, CH3), 1.34–1.18 [m,
(CH2)n], 1.57 (m, H-5′), 1.75 (m, H-4′), 1.83 (m, H-3′), 3.65 (s,
OCH3), 3.78 (s, OCH3), 5.16 (t, J = 6.4 Hz, H-2′), 7.4–7.6 (5
aromatic H).

(R)-MTPA esters of (S,R)-hydroxycaproic methyl ester (7,8).
A solution of a racemic mixture of hydroxycaproic acid (12
mg) in MeOH (5 mL) was methylated with diazomethane ac-
cording to a described procedure (8) and then reacted with (R)-
MTPA, as described above, to yield the (R)-MTPA ester of (S)-
and (R)-hydroxycaproic methyl esters (7 and 8, respectively).
lH NMR (400 MHz, CDCl3) δ 0.81 (t, J = 7.2 Hz, CH3). 0.85
(t, J = 7.2 Hz, CH3), 1.92–1.20 [m, (CH2)n], 3.56 (s, COOCH3),
3.65 (s, COOCH3), 3.74 (s, OCH3), 3.78 (s, COOCH3), 5.17
(m, H-2), 7.4–7.6 (10 aromatic H).

RESULTS AND DISCUSSION 

Bioguided fractionation of the MeOH extract of R. suaveolens
aerial parts, using the brine shrimp lethality assay (9) followed
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Table 1
1H and 13C NMR Spectral Data of Mixtures 1–5a and 1a–5ab

1–5 1a–5a
Position δH δC δH δC

1a, 1b 3.69 (dd, 14.4, 3.9), 61.3 3.99 (d, 11.5), 62.3
3.69 (dd, 14.4, 4.5) 4.33 (dd, 11.2, 6.2)

2 4.04 (m) 51.8 4.42 (m) 47.8
3 3.98 (m) 72.4 5.08 (m) 72.5
4 3.47 (m) 72.2 4.94 (m) 72.2
5a, 5b 1.36 (m), 1.70 (m) 34.7 1.69 (m) 32.1
6 1.36 (m) 25.4 1.24 (m) 24.8
7–12 1.20 (m) 29.5–32.1 1.20–1.30 28.1–31.9
13 1.90 (m) 33.1
14 5.34 (m) 130.0 5.36 (m) 129.2
15 5.34 (m) 132.1 5.36 (m) 131.1
16 1.90 (m) 32.8 2.03 (m) 32.5
17 1.20 (m) 26.1 25.5
18 0.82 (t, 6.4) 14.2 0.86 (t, 6.4) 14.1
1′ 176.1 170.8
2′ 3.47 (m) 75.7 5.11 (m) 74.0
3′a, 3′b 1.36 (m), 1.70 (m) 32.8 1.82 (m) 32.1
4′ 1.36 (m) 22.9 1.24 (m) 22.3
5′–28′ 1.20 (m) 29.5–32.1 1.20–1.30 28.1–31.9
Terminal CH3 0.82 (t, 6.4) 14.2 0.83 (t, 6.4) 14.1
NH 6.60 (d, 8.9)
CH3CO 2.01–2.17 20.7–20.9
CH3CO 170.0–171.2
aIn MeOD/CDCl3.
bIn CDCl3.



by silica gel CC of the EtOAc active fraction (ED50 14 µg/mL),
led to the isolation of a white solid (ED50 2.3 µg/mL) whose
positive-ion FABMS displayed a cluster of five 14-amu-apart
quasimolecular ion peaks [M + H]+ at m/z 710, 696, 682, 668,
and 654, indicative of a mixture of homologous compounds
(1–5) (Scheme 1). The NMR data (Table 1), including COSY,
distortionless enhancement by polarization transfer, heteronu-
clear multiple bond connectivity, and heteronuclear multiple
bond correlation (HMBC) experiments allowed the identifica-
tion of a vicinal secondary diol at δH 3.47 (δC 72.2) and 3.98
(δC 72.4), a primary alcohol at δH 3.69 (δC 61.3) placed on a
nitrogenated methine [δC 51.8 (δH 4.04)], a third secondary al-
cohol [δH 3.47 (δC 75.7)] vicinal to a carbonyl at δC 176.1, a
double bond at δC 130.0 (δH 5.34) and 132.1 (δH 5.34), and
characteristic signals for long alkyl chains [δH 1.25–1.40 (δC
14.2–33.1)]. The IR spectrum revealed the absorption bands of
hydroxyls at 3334 and 3215 cm–1, and a secondary amide at
1544 and 1621 cm–1. The aforementioned spectral data were in
good agreement with those reported for phytosphingosine-type
ceramides possessing a 2-hydroxyl fatty acyl moiety (10–15).
The base peak at m/z 316 in the FABMS, and the lack of corre-
sponding signals differing from 14 amu suggested the occur-
rence of a common C-18 LCB [C14H27–CH(OH)–CH(OH)
–CH(CH2OH)–NH–] in the structures of 1–5 (15,16). The po-
sition of the double bond could be deduced from the following
evidence: The methyl protons at δ 0.82 showed 2J and 3J
HMBC correlations with carbons at δ 26.1 (C-17) and 32.8 (C-
16), whereas HMBC and COSY cross signals were observed
between C-16 and the olefinic proton at δ 5.34 (H-15), and be-
tween H-15 and H-16, respectively. The E stereochemistry of
the double bond was determined on the basis of the 13C NMR
chemical shift of the methylene carbons adjacent to the olefinic
carbons, which is observed at δ ≈ 27 in Z isomers and at δ ≈ 32
in E isomers (17,18). The acetylation of 1–5 improved the res-
olution of the 1H NMR spectrum (Table 1), when compared
with that of the natural mixture, allowing the separation of the
methylene proton signals of the primary acetate (δ 3.99 and
4.33 ppm), as well as the multiplets displayed by the methine
protons H-3 (δ 5.08), H-4 (δ 4.94), and H-2´ (δ 5.11). The ni-
trogen proton of 1a–5a (Scheme 1) appeared as a doublet (J =
8.9) at δ 6.60, coupled to H-2 (δ 4.42). 2D NMR experiments
corroborated all the assignments previously deduced for 1–5.

The structures and configuration of acyl and alkyl chains
were confirmed by the analysis of the FAME mixture 6, and
the LCB resulting from methanolysis of 1–5 (Scheme 2). The
GC–MS of 6 showed the presence of five constituents, which

were identified as methyl-2-hydroxydocosanoate (m/z 370
[M]+), methyl-2-hydroxytricosanoate (m/z 384 [M]+), methyl-
2-hydroxytetracosanoate (m/z 398 [M]+), methyl-2-hydrox-
ypentacosanoate (m/z 412 [M]+), and methyl-2-hydroxyhexa-
cosanoate (m/z 424 [M]+). The assignment of the (R) configu-
ration at C-2′ was concluded by comparing the methyl ester
proton resonances (δ 3.65) of the (R)-MTPA esters of the
FAME mixture 6a with those of the (R)-MTPA esters of (S,R)-
hydroxycaproic methyl ester (7 and 8) (Schemes 2 and 3). As
expected from the Mosher’s experiment (19–21), the chemical
shift of this methyl group should be at higher field in compound
7, due the shielding effect of the MTPA aromatic ring. Al-
though the configuration of 2-hydroxy FA resulting from ce-
ramide methanolysis is often determined on the basis of the
sign of the corresponding optical rotation, a survey of the liter-
ature revealed several examples with R configuration associ-
ated either with a positive (11,13,18,22) or with a negative op-
tical rotation (14,23–28). The method here used also allowed
confirmation of the same configuration for the homologous
fatty acyl chains, as evidenced by the fact that only one methyl
ester peak is displayed in the 1H NMR of mixture 6a.

The structure of the LCB moiety was confirmed by the MS
and 1H NMR data of its peracetylated derivative 9. The EI-MS
spectrum displayed the molecular ion at m/z 423 correspond-
ing to C26H45O7N, and the base peak at m/z 83 [C6H11]+ result-
ing from the β-cleavage of the double bond. The proton chemi-
cal shifts of the fragment [–CH(OAc)–CH(OAc)–CH-
(CH2OAc)–NHAc–] (see the Experimental Procedures section)
are in good agreement with those reported for the tetraacetate
of (2S,3S,4R) sphingosine (22), and analogs with the same con-
figuration at C-2, C-3, and C-4 (10,29,30). The optical rotation
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of 9 ([α]25
D = +27°) is also identical to those of natural and

synthetic sphingamine tetraacetates with the same configura-
tion (22,30,31). To the best of our knowledge, this is the first
reported isolation of ceramides that comprise an LCB with a
configuration 2S,3S,4R,14E.

Ceramides are key sphingolipid metabolites, which are
emerging as therapeutics with clear clinical potential, owing to
their role as second messengers for various cellular processes
including cell cycle arrest, differentiation, senescence, apopto-
sis, and others (32–37). In plants, recent studies indicate that
they may be involved in signal transduction, membrane stabil-
ity, host–pathogen interactions, and stress responses (38). Since
the ceramide bioactivity is governed by its configuration (39),
the new compounds here isolated should be further studied for
their biological properties to deduce possible structure–activity
relationships.
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ABSTRACT: This review article presents 209 alkaloid glyco-
sides isolated and identified from plants, microorganisms, and
marine invertebrates that demonstrate different biological activi-
ties. They are of great interest, especially for the medicinal and/or
pharmaceutical industries. These biologically active glycosides
have good potential for future chemical preparation of com-
pounds useful as antioxidants, anticancer, antimicrobial, and an-
tibacterial agents. These glycosidic compounds have been subdi-
vided into several groups, including: acridone; aporphine; ben-
zoxazinoid; ergot; indole; enediyne alkaloidal antibiotics;
glycosidic lupine alkaloids; piperidine, pyridine, pyrrolidine, and
pyrrolizidine alkaloid glycosides; glycosidic quinoline and iso-
quinoline alkaloids; steroidal glycoalkaloids; and miscellaneous
alkaloid glycosides.

Paper no. L9870 in Lipids 40, 1081–1105 (November 2005).

Alkaloids are alkaline compounds containing nitrogen. Many
of these natural products are derived from amino acids, and an
enormous number of bitter, nitrogenous compounds are in-
cluded in this group. More than 18,000 different alkaloids have
been discovered in representatives of over 300 plant families,
microorganisms, fungi, marine invertebrates, insects, amphib-
ians, and other organisms (2–9). Alkaloids often contain one or
more rings of carbon atoms, usually with a nitrogen atom in the
ring. The position of the nitrogen atom in the carbon ring varies
with different alkaloids and with different plant families, mi-
croorganisms, and/or invertebrates. In fact, it is the precise po-
sition of the nitrogen atom that affects the properties of these
alkaloids (2–7).

Marine natural products are small- to medium-M.W. com-
pounds produced by marine plants, invertebrates, and microor-
ganisms that have stimulated interdisciplinary studies by
chemists and biologists (10–12). Invertebrates such as sponges,
soft corals, molluscs, coelenterates, and ascidians produce sec-
ondary metabolites of unusual structures; sponges and ascidi-
ans in particular produce nitrogen-containing substances, usu-
ally called “marine alkaloids.” Novel classes of marine alka-
loids have been found to interact with key aspects of the cell
cycle, enzymes or other targets and lead to insights into new

therapeutics. The study of biologically active marine alkaloids
has profoundly influenced the course of discovery in fields
ranging from pharmacology to oncology (11,12). State-of-the-
art studies in molecular genetics, enzymology, and biochem-
istry address the issues of biosynthesis of marine natural prod-
ucts by identifying and sequencing the genes involved in tran-
scription-translation and regulation of their cognate enzymes
(5,6). The future promises heterologous expression of impor-
tant marine natural products through manageable microbial fer-
mentation (13–15).

The total synthesis of terrestrial and marine natural alkaloids
aims for no less than total control of bond construction and
stereochemistry of complex molecules from simple starting
materials. New methods for building carbon–carbon bonds and
managing heteroatom reactivity lie at the cutting edge of or-
ganic synthesis (16–20).

Alkaloid glycosides, a specific group of water-soluble ter-
restrial and marine natural compounds, can be subdivided into
several groups, presented in this review, including: acridone,
aporphine, benzoxazinoid, ergot, indole, quinoline, isoquino-
line, piperidine, glycosidic lupine alkaloids, steroidal glycoal-
kaloids, and miscellaneous alkaloid glycosides.

ACRIDONE ALKALOIDS

Acridone alkaloids constitute a small group of natural products
found exclusively in the family Rutaceae, including Citrus,
Glycosmis, and Severinia species (21). They exhibit a wide
range of pharmacological activities including cytotoxicity,
which is presumed to be exerted by the inhibition of topoiso-
merase-II (22), an intracellular enzyme. These compounds, as
well as their analogs and derivatives, have been tested for their
antimicrobial activities and effects on mammalian cells (23).
Acronycine has been tested for antitumor properties (24,25),
and acronycine analogs were reported to be effective against
Trichomonas vaginalis (26). Thirty acridone alkaloids were
evaluated for their antiplasmodial activities in a rodent model
(24). Seven of the alkaloids in the series had activities equiva-
lent to that of chloroquine against Plasmodium yoelii. Ata-
laphillinine was effective as a prophylactic agent against P.
berghei and P. vinckie infections in mice. Acridone alkaloids
isolated from Boenninghausenia japonica (Rutaceae) showed
antiproliferative activity against human gastric adenocarci-
noma (MK-1), human uterine carcinoma (HeLa), and murine
melanoma (B16F10) cells (27). The acridone alkaloid
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acronycine, isolated from several Sarcomelicope species (Ru-
taceae) exhibited promising activity against a broad spectrum
of solid tumors (28).

Only a few glycosides of acridone alkaloids have been iso-
lated from the family Rutaceae. Gravacridonediol 1 and
gravacridonetriol 2 were identified from a methanol extract of
roots of Ruta graveolens (29,30), and gravacridonediol 1 also
was found in Boenninghausenia albiflora callus tissue (31).
Acridone derivatives have been identified in the extracts of the
roots of Thamnosma rhodesica (Rutaceae) (32). This study was
the first to report rhodesiacridone, one of these acridone deriv-
atives. This novel compound showed activities against the in-
tracellular form of the protozoan parasite Leishmania major, a
human pathogen. Gravacridonediol 1 and 1-hydroxy-10-
methylacridone exhibited activities against the intracellular
form of the same parasite and the fungus Cladosporium cuc-
umerinum, respectively (32). A new compound, gravacridonol
monoglucoside 3, and gravacridonediol 1 were identified from
cell suspension cultures of T. montana grown in Gamborg B5
medium (32). The in vitro activities of furo[2,3b]quinoline and
acridone alkaloids 4 and 5 against Plasmodium falciparum
were evaluated by an isotopic semimicrotest. A pyran ring in
the furoquinoline nucleus and 2-O-pyrano-glycoside sub-
stituents in the acridone nucleus improved the antimalarial ac-
tivities of the compounds. These features provide a suggestion
for further chemical modifications (33).

APORPHINE ALKALOID GLYCOSIDES

Aporphine alkaloids form an important group of secondary
plant metabolites. They are also derived biogenetically from
anthranilic acid. Some of these compounds have been used for
many years in traditional medicine for the treatment of various

diseases, from benign syndromes to more severe illnesses.
More than 500 aporphine alkaloids have been isolated from
various plant families, and many of these compounds display
potent cytotoxic activities, which may be exploited for the de-
sign of anticancer agents (34).

Aporphine glycosides, stesakine-9-O-β-D-glucopyranoside
6 and N-methyl-asimilobine-2-O-β-D-glucopyranoside 7, were
isolated from the seeds of Stephania cepharantha cultivated in
Japan (35). Compound 7, previously known as floripavidine,
was isolated from Papaver floribundum in 1976 by Russian sci-
entists (36). Kamaline 8, incorporating a novel urethane moi-
ety and a glucoside unit, was isolated from Stephania venosa
grown in India (37). Tubers of the Chinese medicinal herb Aris-
tolochia tuberosa yielded two 4,5-dioxoaporphine alkaloids,
11-hydroxy-tuberosinone-N-β-D-glucoside 9 (also known as
Zhu Sha Lian glucoside; 38)  and tuberosinone-N-β-D-gluco-
side 10 (39). Aristololactam II N-β-D-glucopyranoside 11 (or
cepharanone A N-β-D-glucoside) was isolated from Aris-
tolochia clematitis grown in Czechia (40).

BENZOXAZINOID ALKALOID GLUCOSIDES

Benzoxazinoid acetal glucosides [having 2-hydroxy-2H-1,4-
benzoxazin-3(4H)-one skeleton] are a unique class of natural
products abundant in family of Gramineae, including the
major agricultural crops maize, wheat, rye, and wild grasses
(41). Also they are found in different species of Acanthaceae
(42,43), Ranunculaceae (44), Scrophulariaceae (45), and oth-
ers. Benzoxazinoids serve as important factors of host plant
resistance against microbial diseases and insects and as alle-
lochemicals and endogenous ligands. Interdisciplinary inves-
tigations by biologists, biochemists, and chemists have con-
sidered how  to make agricultural use of the benzoxazinones
as natural pesticides. These natural metabolites are not only
constituents of a plant defense system but also part of an ac-
tive allelochemical system used in the competition with other
plants.
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The 2-O-β-D-glucopyranosyl-4-hydroxy-7-methoxy-(2H)-
1,4-benzoxazin-3(4H)-one 12 (alternative name: DIMBOA glu-
coside) isolated from blue light-illuminated maize (Zea mays)
coleoptiles (46) plays the essential role in the phototropism of
maize coleoptiles. Compounds 13–16 were obtained from mono-
cotyledonous plants such as maize in their early growth states,
which are harvested on a schedule to give optimal yield (47).
These compounds have been reported to act as weight loss
agents, appetite suppressants, mood enhancers, and adjunctive
therapy for arthritis, sleep apnea, fibromyalgia, diabetes, and hy-
perglycemia. Benzoxazinoid acetal glucosides 15–19 and 7-
chloro-(2R)-2-O-β-D-glucopyranosyl-2H-1,4-benzoxazin-
3(4H)-one 21 have been isolated from the aerial parts of Acan-
thus ilicifolius (48). Benzoxazinoid cyclic hydroxamic acid
glucosides 12–15 were identified from the genus Aphelandra
(Acanthaceae), e.g., A. fuscopunctata, A. squarrosa, and A.
tetragona (49). Dried seeds of Acanthus mollis contain 4% by
dry weight of the 2,4-dihydroxy-1,4-benzoxazin-3(4H)-one
(DIBOA) glucoside 16 (49). The results obtained showed that in
all species the glucosides as well as the hydroxamic acid aglu-
cones were present in the roots, whereas in the aerial plant parts
only traces of the glucosides were detected. The phytotoxicity of
DIBOA suggests that they might be involved in the allelopathic
activity attributed to rye. Chinese woad, Baphicacanthus cusia
(= Strobilanthes cusia, Acanthaceae), is an herbaceous plant na-
tive to northeast India, Myanmar, Thailand, and the southern part
of China. Roots of B. cusia collected from Dinghushan (Guang-
dong, China) contain two alkaloids, 15 and 16 (50). The chloro-
containing alkaloid glucoside, 7-Cl-DIBOA-Glc 20 as well as
15 and 16 were isolated from the aerial part of Acanthus
ebracteatus (51). Compounds 17 and 18 were isolated from
Lamium amplexicaule, L. purpureum, and L. garganicum be-
longing to Lamiaceae family (52).

ERGOT ALKALOID GLYCOSIDES

Ergot alkaloids are one of the pharmacologically most impor-
tant groups of indole alkaloids (53). These alkaloids are iso-
lated from the dried sclerotium of the fungus Claviceps pur-
purea (Hypocreaceae) (54,55). This fungus is a parasite on
rye, wheat, and other grains. Ingestion of contaminated grain,
most often after the grain has been made into bread, causes
ergotism, also known as the “Devil’s curse” or “St. Anthony’s
fire;” this form of poisoning has been a problem for centuries
(53). It is possible that ergot-infected grasses were produced
in the first agricultural settlements of Mesopotamia around
9000 B.C., but ergot is thought to have first been mentioned
around 600 B.C. by the Assyrians (55). The Roman historian
Lucretius (98–55 B.C.) referred to ergotism as Ignis sacer,
meaning Holy Fire, which was the name given to ergotism
during the Middle Ages, and it was during these times that er-
gotism occurred frequently. Ergotism can cause convulsions,
nausea, and diarrhea in mild forms, and there is some thought
that an outbreak of ergotism may have been the cause of the
“bewitchings” that led to the Salem witch trials in the United
States in 1691. Ergotism has now been recognized as the ef-
fects of ingesting a mycotoxin, and ergotism plagues have
been eliminated (56,57). However, the alkaloids derived from
ergot have assumed new importance for their pharmacologi-
cal properties, and ergot is produced commercially for the
preparation of these alkaloids. Ergot alkaloids are used in a
number of therapeutic areas including the treatment of
acromegaly, blood pressure regulation, hyperprolactinemia,
migraine, cerebral insufficiency, orthostatic circulatory dis-
turbances, postpartum bleeding, Parkinsonism, uterine ato-
nia, and others (58–62).

The first glycoside of ergot alkaloids, named elymo-
clavine-O-β-D-fructoside 22, was isolated from a saprophytic
culture of Claviceps sp. strain SD-58 by Floss et al. (63) in
1967. More recently, glycoside 22 and a new elymoclavine-
O-β-D-fructofuranosyl-(2→1)-O-β-D-fructofuranoside 23
were isolated from saprophytic cultures of strains Claviceps
sp. SD-58 and C. purpurea 88 EP grown on a sucrose medium
(64). A submerged culture of C. fusiformis supplemented with
chanoclavine I produced chanocalvine I O-β-D-fructofura-
noside 24 and chanoclavine 1 O-β-D-fructofuranosyl-(2 →
1)-O-β-D-fructofuranoside 25 (65). The glycosides of ergot
alkaloids 24–26 obtained by enzymatic synthesis showed
strong inhibitory activity on prolactin secretion (26), cyto-
toxic activity (27), and potent effects against the resistant
tumor cell line RAJI (28) (66).
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INDOLE ALKALOID GLYCOSIDES

Indole alkaloids constitute the largest group of alkaloids with
double ring systems containing an indole ring. They are of in-
terest because of their structures—often extremely com-
plex—and their surprising physiological activities. Most con-
tain a tryptamine unit as a readily distinguishable feature or a
modified structure, and tryptamine is a precursor in the
biosynthesis of many of these alkaloids. Indole alkaloids and
their glycosides have been isolated from marine and terres-
trial plants, algae, cyanobacteria, fungi, marine invertebrates
(sponges, tunicates, bryozoans, gorgonians, sea hares), some
higher animals, and a few mammals including humans. In-
dole alkaloids show a large spectrum of biological activities
(67–69). More than 2000 indole alkaloids have been found

from the three families of Gentianales: Loganiaceae, Apocy-
naceae, and Rubiaceae plants. These compounds generally
possess characteristic biological activities and many of them
are used for medicinal purposes and as lead compounds to de-
velop new synthetic drugs (68,69). Approximately 100 indole
bases are now known (more than 20 have been identified in
the last decade) that fall into the akuammiline structural cate-
gory, and the chemistry and pharmacology of these have been
recently reviewed (67–69).

Some simple indole glycosides have been isolated from
plants. Indican 29 is one of the main secondary metabolites
in Polygonum tinctorium and is used as precursor for the
manufacture of indigo dye (70). It also is found in Celosia ar-
gentea from Sierra Leone (71), in Vietnamese Indigofera
(Leguminosae family) (72), and other plant species (70).
Biosynthesis of indican 29 and of its indoxyl derivatives was
recently described (70). The two precursors of indigo in the
woad plant, Isatis tinctoria, were quantified by a new spec-
trophotometric method involving the formation of a red
adduct from indoxyl and rhodanine (73). In young leaves, ap-
proximately 24% of the dry weight the indoxyl derivatives,
indoxyl-3-(5-ketogluconate): indoxyl 3-O-β-D-glucoside (in-
dican 29) and isatan B 31, and in the ratio of approximately
3:1. Glucoindican (calanthoside A) 30 and a novel indole
S,O-bisdesmoside 32 (calanthoside B) were isolated from two
Oriental orchids, Calanthe discolor and C. liukiuensis, to-
gether with calaphenanthrenol, calaliukiuenoside, and the
known bioactive alkaloids tryptanthrin, indirubin, and isatin
(74,75). Furthermore, enzymic hydrolysis of calanthoside 32
was found to produce tryptanthrin as the main product,
whereas indirubin and isatin were obtained by acid hydroly-
sis of calanthoside. Three new indole alkaloids, including one
glycoside, named bruceolline F 33, were isolated from the
root wood of Brucea mollis var. tonkinensis (76).

5-(β-D-Glucopyranosyloxy)indole-3-acetic acid 34 was
isolated from quackgrass (Agropyron repens) (77). Indole-3-
methanol-β-D-glucoside 35 and indole-3-carboxylic acid-β-
D-glucoside 36 are products of indole-3-acetic acid degrada-
tion in wheat leaf segments, and were isolated from leaves of
the members of the Gramineae family (78). A new metabolite
of indole-3-acetic acid was extracted from corn (Zea mays)
seedlings and characterized as the 7-O-β-D-glucopyranoside
of 7-hydroxy-2-oxoindole-3-acetic acid 37 (79). The results
and prior work demonstrated the following catabolic route for
indole-3-acetic acid in Z. mays: indole-3-acetic → 2-oxoin-
dole-3-acetic acid → 7-hydroxy-2-oxoindole-3-acetic acid →
7-hydroxy-2-oxoindole-3-acetic acid glucoside.
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Microorganisms  produce some simple indole glycosides.
New indole nucleosides kahakamides A 38 and B 39 were
isolated from the actinomycete Nocardiopsis dassonvillei, ob-
tained from a shallow water sediment sample collected on the
island of Kauai, Hawaii (80). Compounds 38 and 39 are re-
lated to the neosidomycin 40 antibiotics, a group of rare in-
dole-N-glycosides; and 38 exhibited antimicrobial activity to-
ward the Gram positive bacterium Bacillus subtilis.
Neosidomycin 40, a known antibiotic, was isolated in 1979
from a fermentation broth of Streptomyces hygroscopicus by
Furuta et al. (81). Antiviral antibiotic SF-2140 41 was ob-
tained from the broth of Actinomadura albolutea (Nocar-
diaceae), which was isolated from soil. It showed antiviral
and weak antibacterial activity against Gram-negative and
Gram-positive bacteria (82,83). Two novel glycoconjugates,
ethyl indole-3-lactate-O-β-D-glucopyranoside 42 and p-
menth-1-ene-8,9-diol-9-β-D-glucopyranoside have been de-
tected in Riesling wine (84).

Unusual pyrroindomycins A 43 and B 44 were isolated from
fermentations of culture LL-42D005, a strain of Streptomyces

rugosporus (85). Pyrroindomycins possess potent antimicro-
bial activities against methicillin-resistant Staphylococcus au-
reus and vancomycin-resistant Enterococci. Pyrroindomycins
43 and 44 are the first natural products that contain the highly
unsaturated pyrroloindole moiety.

Rare spiro oxindole alkaloid glycosides isomitraphyllic acid-
(16–1)-β-D-gluco-pyranoside 45 and mitraphyllic acid-(16–1)-
β-D-glucopyranoside 46 were isolated from the leaves of Un-
caria sinensis (86). A new glycosidic indole alkaloid, echitami-
dine-N-oxide 19-O-β-D-glucopyranoside 47, was isolated from
the trunk bark of Alstonia scholaris collected in Timor, Indone-
sia (87). Lyaloside 48, a monoterpenoid glucoindole alkaloid,
was isolated from the leaves of Palicourea adusta together with
a mixture of its hydroxycinnamic acid derivatives, (E)-O-(6′)-
cinnamoyl-4″-hydroxy-3″-methoxy-lyaloside 49 and (E)-O-(6′)-
cinnamoyl-4″-hydroxy-3″,5″-dimethoxy-lyaloside 50; these
were separated by HPLC (88).

From the root-wood of Brucea mollis var. tonkinensis col-
lected in China have been isolated bruceolline A 51, bruce-
olline B 53 (89), and bruceolline C 52 (90).
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Oleander [Hunteria zeylanica (Apocynaceae)] grows in
Southern China and Thailand, and its  leaves are used exter-
nally for the treatment of wounds and cuts. An alkaloid ex-
tracted from the leaves of H. zeylanica inhibited a glycine-in-
duced chloride current using a receptor expression model of
Xenopus oocytes (91). New glycosidic indole alkaloids, hunte-
rioside 54 and hunterioside B 55, were isolated from the n-
BuOH fraction of the ethanol extracts of the stem bark of H.
zeylanica collected in south Thailand (92), and more recently
hunterioside B 55 was isolated from same tree (93). An indole
alkaloid glucoside named palicoside 56 was isolated from the

leaves of Palicourea marcgravii (Rubiaceae) collected in
Brazil (94), and extraction of leaves from the Australian tree
Ophiorrhiza acuminata has yielded harman, lyalosidic acid,
and palicoside 56 (95). Two indolic alkaloidal glucosides
named naucleoside 57 and nauclecosidine 58 were isolated
from the polar fraction of the stems of Nauclea officinalis (96).
An unusual type of indole alkaloids, ophiorines A 59 and 60,
was found in the Rubiaceous plants, Ophiorrhiza japonica and
O. kuroiwai (97).

Neonauclea sessilifolia (= Nauclea sericea), which belongs
to the Rubiaceae, grows in Southeast Asia and contains many
bioactive compounds. Three novel indole alkaloid glycosides,
neonaucleosides A 61, B 62, C 63, and rhynchophine 64 were
isolated from the dried roots of Neonauclea sessilifolia (98).
Strictosamide 65, which has antitumor activity, was isolated
from the leaves of Nauclea orientalis (99) and from leaves of
Sarcocephalus latifolius (100).
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A new β-carboline-type alkaloidal glycoside, glucodi-
chotomine B 66, with antiallergic activities was isolated from a
Chinese natural medicine, i.e., the roots of Stellaria dichotoma
var. lanceolata (101).

The plant Psychotria correae (syn. Cephaelis correae) is
only described from the Cordilleras de Guanacaste and Tilarfin
and from the Province of Coclé in Panama, where it grows as a
small tree (102). Various Cephaelis species are used in the tra-
ditional medicine of Middle America, e.g., against dizziness,
hallucination, dementia, and rubella (103). In the European
Pharmacopoeia, preparations of C. ipecacuanha (=Psychotria
ipecacuanha) are described as emetics and expectorants, and
emetine, a major alkaloid from Ipecacuanhae radix, is used as
an amoebicide (104). From extracts of the leaves and/or the
roots of Psychotria correae, isodolichantoside 67, the new β-
carboline-type alkaloid correantoside 68, and 10-hydroxycor-
reantoside 69 were isolated (105).

Nauclea diderrichii, belonging to the Rubiaceae family,
grows in western and central Africa. Decoctions of the bark are
widely used in folk medicine for the treatment of tropical dis-

eases. The occurrence of two new gluco indole alkaloids iso-
lated from the bark of N. diderrichii—cadambine acid 70 and
3α-5α-tetrahydro-deoxycordifoline lactam 71—has been re-
ported (106).

Plants of the pantropical genus Uncaria have found wide-
spread use in traditional medicine. Uncaria species are climb-
ing vines with claw-like thorns (hooks). Some indole alkaloid
glycosides have been isolated from this genus, including the
lyaloside 48, rhynchophine 64, strictosamide 65, 3β-dihydro-
cadambine 72, 3β-isodihydrocadambine 73, 3,4-dehydro-5-
carboxystrictosidine 74, carboxystrictosidine 75, and glabra-
tine 76 (107,108).

A chlorinated alkaloid-type antibiotic, rebeccamycin 77,
which is produced by Streptomycetes species (109), inhibits the
growth of human lung adenocarcinoma cells and produces sin-
gle strand breaks in their DNA. A related antibiotic without
chlorine, staurosporine 78, produced by Streptomyces stau-
rosporeus, was reported to have antifungal, hypotensive, and
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antitumor activities (110). A novel brominated analog of rebec-
camycin, 79, is produced by Saccharothrix aerocolonigenes
ATCC 39243 when grown in a defined medium containing
0.05% KBr (111). Bromorebeccamycin 79 and rebeccamycin
77 have a similar potency and activity against P388 leukemia
in the murine model. Rebeccamycin 77 also was isolated from
the cyanobacterium Nocardia aerocoligenes (112) and  is a
well-known topoisomerase I inhibitor.

Rebeccamycin analogs were prepared either by semisynthe-
sis from the natural metabolite or by total synthesis. Different
families of rebeccamycin analogs were obtained by modifica-
tions at the imide heterocycle, dechlorination, and substitutions
on the indole moieties, modifications of the sugar residue, con-
struction of dimers, coupling of the sugar unit to the second in-
dole nitrogen, changing of the indolo[2,3-a]carbazole skeleton
to indolo[2,3-c]carbazole, and replacement of one or both in-
dole moieties by 7-azaindole units. The biological activities of
the rebeccamycin analogs were recently reviewed (113). Ac-
cording to their chemical structure, the analogs can inhibit
topoisomerase I and/or kinases. From the structure–activity re-
lationships, some important rules were established. Several
compounds exhibit stronger antiproliferative activities than the
natural metabolite with IC50 values in the nanomolar range.
Some analogs, especially those possessing azaindole moieties,
are much more selective than rebeccamycin toward the tumor
cell lines tested (114).

A new indolo[3,2-b]quinoline alkaloid glycoside, jusbe-
tonin 80, has been isolated from the leaves of Justicia betonica
(115). This compound is the first example of a glycosylated in-
dolo[3,2-b]quinoline alkaloid.

Fifteen new N-glycosides of indolo[2,3-a]carbazoles, desig-
nated tjipanazoles A1, A2, B, C1, C2, C3, C4, D, E, F1, F2,
G1, G2, I, and J, have been identified and are produced by the
cyanobacterium Tolypothrix tjipanasensis (116). Tjipanazoles
A1 81 and A2 82, chloro-containing alkaloids, showed high an-
tifungal activity (116). Analogs of antifungal tjipanazoles
82–85 were obtained by semisynthesis from rebeccamycin, an
antitumor antibiotic isolated from cultures of Saccharothrix ae-
rocolonigenes (117). The antiproliferative activities of the new
compounds were evaluated in vitro against nine tumor cell
lines. The effect on the cell cycle of murine leukemia L1210
cells was examined, and the antimicrobial activities against two
Gram-positive bacteria, a Gram-negative bacterium, and a
yeast were determined. The inhibitory properties toward four
kinases and toward topoisomerase I were evaluated. The most
cytotoxic compound in the series was a dinitro derivative 85
characterized as a potent topoisomerase I inhibitor.

Betalains are water-soluble nitrogen-containing pigments
and include the red-violet betacyanins and the yellow betaxan-
thins (118). Betalains accumulate in flowers, fruits, and occa-
sionally in vegetative tissues of plants belonging to most fami-
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lies of the Caryophyllales (119). Betalains and betacyanins
show antioxidant and radical-scavenging activities (120).

Betanin 86 was discovered more than 45 years ago in the
root of beets (Beta vulgaris), which are native to the Mediter-
ranean countries (121). Phyllocactin (6′-O-malonyl-betanin)
87 is a well-known pigment that is isolated from flowers and
fruits of the Cactaceae family (122). Red-colored plants of the
family Amaranthaceae were recognized as a rich source of di-
verse and unique betacyanins. Gomphrenin I 88, II 91 and 92
and other colored pigments were isolated from the Amaran-
thaceae family (123). Acylated betacyanins were distributed
among 11 species of 6 genera, with the highest proportion oc-
curring in Iresine herbstii (79.6%) and Gomphrena globosa
(68.4%).

Lampranthins I 89 and II 90 were isolated from Beta vul-
garis (124) and Phytolacca  americana (125). Acylated pig-
ment 93, which seems to be the first betacyanin identified con-
taining both an aliphatic and an aromatic (hydroxycinnamoyl)
acyl residue, was found in Beta vulgaris (124). The minor pig-
ment 2-descarboxy-betanidin 94 was found in the flowers of
Carpobrotus acinaciformis (Aizoaceae) and the more complex
compound 95 was isolated from Bougainvillea glabra (126).
Fuller information on the chemistry of betalains and the beta-
cyanin types of glycosidic alkaloids can be foundind in a re-
cent review by Strack and coworkers (127).

ENEDIYNE ALKALOIDAL ANTIBIOTICS

The enediyne family of alkaloidal antibiotics is characterized
structurally by an enediyne core unit consisting of two
acetylenic groups conjugated to a double bond or incipient
double bond within a 9- or 10-membered ring (128–130).
These newly discovered enediyne alkaloidal antibiotics com-
bined unprecedented molecular structures with striking bio-
logical activities. A remarkable mechanism of action recently
was proposed for these molecules to account for their phe-
nomenal biological profiles (128–130). A few glycosides of
the enediyne nitrogenous antibiotics also have been discov-
ered.

Three new compounds of the enediyne antitumor antibi-
otics, shishijimicins A 96, B, and C, have been isolated from
the marine ascidian Didemnum proliferum (131). They en-
compass a novel sugar component, which is a conjugation
product of a hexose and a β-carboline, attached to the
calicheamicinone aglycon. Shishijimicins showed extremely
potent cytotoxicity against HeLa cells, with IC50 values of
1.8–6.9 pM.

Kedarcidin 97, one of the most complex and reactive of
the natural enediyne antitumor agents, was isolated from the
culture broth of a novel actinomycete strain L585–6 (ATCC
53650) (132). In vivo studies showed this natural metabolite
to be extremely active against P388 leukemia and B16
melanoma. Cytotoxicity assays on the HCT116 colon carci-
noma cell line result in an IC50 value of 1 nM. In vitro exper-
iments with ΦX174, pM2 DNA, and 32P-end-labeled restric-
tion fragments demonstrate that this chromophore binds and
cleaves duplex DNA with remarkable sequence selectivity,
producing single-strand breaks (133).
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The chlorinated enediyne nitrogenous compound C-1027,
98, a potent antitumor agent with a previously undescribed mo-
lecular architecture and mode of action, has been isolated from
Streptomyces globisporus (134). Antibiotic C-1027, a macro-
molecular peptide with high cytotoxicity to cultured cancer
cells, was conjugated to monoclonal antibody 3A5 and its Fab
(immunoglobulin) fragment separately using SPDP (N-succin-
imidyl 3-[2-pyridyldithio]-propionamido), widely used in im-
munochemistry, as the linker agent. McAb 3A5, identified as
IgG1, was directed against human hepatoma BEL-7402 cells
(135). The nonchlorinated analog of C-1027, 99, also was iso-
lated from S. globisporus (136).

Maduropeptin 100, a complex of new macromolecular an-
titumor antibiotics, is a metabolite of Actinomadura madurae
H710–49. The active components, maduropeptins A1, A2,
and B, are acidic chromopeptides with M.W. of around
22,500 and are composed of 14 types of amino acids and an
unstable chromophore. The antibiotics are active in vitro
against Gram-positive bacteria and are highly cytotoxic to
tumor cells. They produced significant prolongation of sur-
vival time of mice implanted with P388 leukemia and B16
melanoma (137).

GLYCOSIDIC LUPINE ALKALOIDS

Lupines are widely distributed across the western United States
and Canada and there are many species. Most are perennial and
produce a hard seed that is viable for many years. Over 100 dif-
ferent alkaloids have been identified in these plants, each with
differing biological activities. The types and concentrations of
these alkaloids vary between the species and between collec-
tions of the same species. Lupines with high alkaloid content
are termed “alkaloid-rich” or “bitter” lupines; this terminology
includes the majority of the western range lupines. “Alkaloid-
poor” or “sweet” lupines are used for animal and human feed
(138).

The majority of the more than 20 alkaloids isolated from
Lupinus are quinolizidine alkaloids, with some piperidine and
other components known lupanine and lupinine. The terato-
genic alkaloid anagyrine is highest in the seeds, pods, and
young leaves. The quinolizidine alkaloids implicated in lupine
poisoning are found mostly in the seeds and pods. Large quan-
tities of the plant material must be ingested in a short time to
cause death. The alkaloids remain after drying, so that hay con-
taining sufficient quantities of lupine can be toxic. General
symptoms of lupine poisoning include dizziness and incoordi-
nation. Lupine seeds can be made edible by soaking and boil-
ing the seeds in several changes of water (139). Several species
of lupine (Lupinus spp.) are poisonous to livestock, producing
death in sheep and “crooked calf disease” in cattle (140).

Quinolizidine and indolizidine alkaloids and their analogs
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have been isolated from microbial, plant and animal sources,
including ants, amphibians and beetles (141).

A few glycosidic lupine alkaloids have been isolated from
some plant species. The (−)-(trans-4′-α-L-rhamnosyloxycin-
namoyl)epilupinine 101 and its 3′-methoxy derivative 102
were isolated from the aerial parts of Lupinus varius (142).
Glycosidic alkaloids 102 and 104 were isolated from the aerial
parts of L. hirsutus (143); 103 and 105 were isolated from L.
luteus (144).

PIPERIDINE, PYRIDINE, PYRROLIDINE, AND
PYRROLIZIDINE ALKALOID GLYCOSIDES

Both pyridine and piperidine alkaloids are six-membered N-
heterocycles, the former being unsaturated and the latter satu-
rated. These groups of compounds have been known for a long
time (145). The best-known piperidine alkaloid, coniine, is a
poison derived from the poison hemlock, Conium maculatum.
Socrates is reputed to have been killed with a poison hemlock
extract. Other well-known piperidine alkaloids include cocaine,
strychnine, and atropine. Cocaine was first isolated from the
plant Erythroxylon coca by the German chemist Friedrich
Gaedcke in 1855 and named “erythroxyline.” The poisonous
alkaloid strychnine was the first alkaloid to be identified in

plants of the genus Strychnos (family Loganiaceae). Cocaine is
an example of a tropane type of pyrrolidine alkaloid in which
the N-heterocycle is derived from L-ornithine, an amino acid
derived from glutamate. Strychnine was first discovered by
French chemist Joseph-Bienaime Caenoiu and Pierre-Joseph
Pelletier in 1818. Atropine, commonly known as Deadly
Nightshade, was isolated from belladonna (Atropa belladonna)
in 1831, and the use of a water-soluble salt (atropine methoni-
trate) was introduced into ophthalmology in 1902. A large
number of piperidine-based alkaloids occur in neotropical poi-
son frogs (Dendrobatidae), mainly as trace compounds (146).

The well-known pyridine alkaloid, nicotine, and the piperi-
dine-pyridine alkaloid, anabasine (or neonicotine), are both
found in plants from the genus Nicotiana, which includes culti-
vated, wild, and tree tobacco (147,148). Nicotine was isolated
from leaves of tobacco (N. tabacum) in 1828, and anabasine
was isolated from and N. glauca in 1929 (148).

Pyrrolidine alkaloids have been found in many species of
the three major plant families Boraginaceae, Compositae, and
Fabaceae, and are produced as well by some fungi and mi-
croorganisms. Hygrine and cuscohygrine are well-known sim-
ple pyrrolidine alkaloids isolated from natural sources (147).

Alkaloids mimicking sugars in size and shape are now be-
lieved to be widespread in plants and microorganisms. Imi-
nosugars are monosaccharide analogs in which the ring oxy-
gen has been replaced by an imino group. Such iminosugars
inhibit the glycosidases involved in a wide range of important
biological processes because of their structural resemblance to
the sugar moiety of the natural substrate and the presence of
the nitrogen atom mimicking the positive charge of the glyco-
syl cation intermediate in the enzyme-catalyzed glycoside hy-
drolysis. These iminosugars and their derivatives are arousing
considerable attention as potential therapeutic agents and show
antiviral, anticancer, antidiabetic, nematicidal, and other activi-
ties (149). The taxonomic distribution of iminosugars in plants
and their biological activities has recently been reviewed (150).

Three simple iminosugars, 4-O-β-D-mannoside 106, 4-O-β-
D-mannobioside 107, and 4-O-D-glucopyranosyl-1-deoxyno-
jirimycin 108, have been isolated from the bulbs of Scilla sibir-
ica (151). Elongation of the β-mannopyranosyl chain of 106 to
give 107 enhanced the inhibitory activity of α-L-fucosidase, β-
glucosidase, and β-galactosidase.

A novel piperidine-type alkaloid, 2-β-D-glucopyranosyl-2-
undecyl-3,5-dihydroxy-6-carboxypiperidine 109, was isolated
from Cyclamen coum (152), and secoiridoid glucoside LA-9 110
was found in an extract from fruits of Ligustrum vulgare (153).
The 3-hydroxy-5-(hydroxymethyl)-4-(methoxymethyl)-2-
methylpyridine glucoside 111 was isolated from seeds of Al-
bizzia lucida (154). Caerulomycin D 112, a new metabolite from
Streptomyces caeruleus, possessed a novel ring system (155).

Antitumor agents BE-14324 113 and BE-14324A 114 were
isolated from Streptomyces spp. or their mutants (156). IC50
values of 114 on proliferation of mouse leukemia cell P388
(P388/S), its vincristine-resistant mutant P388/V, and adri-
amycin-resistant mutant P388/A were 1.0, 0.7, and 1.0 µg/mL,
respectively.
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The pyrrolidine alkaloids broussonetine A 115, Q 116, B
117, K 118, and L 119 were isolated from the branches of
Broussonetia kazinoki Sieb (Moraceae) (157–159). ICom-
pound 116 inhibited β-glucosidase, β-galactosidase, and β-
mannosidase (157), whereas compounds 118 and 119 inhib-
ited β-glucosidase, β-galactosidase, β-mannosidase (158);
and 115 and 117 showed a strong inhibition of β-galactosi-
dase and α-mannosidase (159). The glycosidase-inhibiting

pyrrolidine alkaloid 1,4-dideoxy-1,4-imino-D-arabinitol 120
has been identified in the leaves of bluebells (Hyacinthoides
nonscripta) (160). The new glycoside named pisatoside 121
was isolated from Pisum sativum (161). A novel acaricide,
gualamycin 122, was isolated from the culture broth of Strep-
tomyces sp. NK11687 (162).

A few pyrrolizidine alkaloid glycosides have been isolated
from plant species. The highly oxygenated pyrrolizidine ca-
suarine, its 6-O-α-D-glucopyranoside 123, and 1-epi-australine
2-O-β-D-glucopyranoside 124 were isolated from pods of the
Australian Alexa leiopetala (Leguminosae) (163); and a gluco-
sidic alkaloid malaxin 125 was isolated from orchid Malaxis
congesta (164).
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A few tropane alkaloid glycosides from natural sources have
been discovered. They have the 8-azabicyclo[3,2,1]octane nu-
cleus, and their analogs are important for medical treatment
(165). Some of the most potent tropane alkaloids are atropine,
hyoscyamine, and scopolamine (166–168). These alkaloids af-
fect the central nervous system, including nerve cells of the
brain and spinal cord that control many direct body functions
and the behavior of humans (169,170). Tropane alkaloids are
found in many other poisonous plants of the nightshade family
(Solanaceae), including henbane (Hyoscyamus niger), pituri
(Duboisia hopwoodii), deadly datura (Datura and Brugmansia
spp.), mandrake (Mandragora officinarum), and “beautiful
lady” (Atropa belladonna), all of which were used extensively
in folk medicines (170).

The occurrence and distribution of tropane and biogeneti-
cally related pyrrolidine alkaloids in 18 Merremia species of
paleo-, neo-, and pantropical occurrence have been studied, and
two tropane alkaloid glycosides 126 and 127 have been iso-
lated (166). Calystegine B1 128 was isolated from Nicandra
physalodes fruits (Solanaceae) (171) and from Hyoscyamus
niger (172).

GLYCOSIDIC QUINOLINE AND ISOQUINOLINE ALKA-
LOIDS

Quinoline (or benzo[b]pyridine) is a two-ring aromatic com-
pound structurally analogous to naphthalene but having a nitro-
gen atom in place of a carbon atom adjacent to the ring fusion.
Quinoline (cinchona) alkaloids are named from the quinoline
found in the cinchona plant (Cinchona ledgeriana) and belong
to the quinoline alkaloids developed in the nucleus from L-tryp-
tophan. Quinoline alkaloids are widely used in the pharmaceuti-
cal and chemical industry (173,174). Furthermore quinine is also
an important bitter agent in the beverage (soft drink) industry.
Quinine has been a valuable antimalarial agent and muscle re-
laxant compound for more than 100 years; its isomer quinidine
has been used as a cardiac depressant (antiarrhythmic agent)
(175,176). Quinine is an optical isomer of quinidine. Quinoline
and isoquinoline alkaloids represent one of the two largest
groups of alkaloids (the other being indole alkaloids and their
derivatives) and have been found in species of cyanobacteria,
fungi, marine invertebrates, and amphibians (11,177–179).

The lipid extract of the marine cyanobacterium Lyngbya
majuscula collected from Curaçao afforded two quinoline al-
kaloids in low yield, and one of them was glycoside 129 (180).
Two new glycosidic quinoline alkaloids, 130 and 131, were
isolated from the 1-butanol extract of the aerial parts of
Echinops gmelinii (Compositae) (181). The aerial part of Hap-
lophyllum perforatum yielded a new glycoalkaloid, haplosinine
132 as well as 133 and 131 (182).

The anticancer alkaloid glycosides camptothecin 20-O-β-
glucoside 134 and deoxypumilioside 135 have been isolated
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from Mostuea brunonis (183). The L-(+)-N-methylcoclaurine
D-xyloside (latericine) 136 was isolated from the flowering
plant Papaver californicum (184), and the similar alkaloid
veronamine 137 was obtained from Thalictrum fendleri (185).

Alangiside 138 and O-methyl-alangiside 143 were isolated
from Alangium lamarckii (186); demethylisoalangiside 139
and 2,11-bisglucoside 140 were obtained from the dried roots
of Cephaelis acuminata (187). The 6-141 and 3′-O-β-D-gluco-
pyranosyl-alangiside 142 were isolated from dried fruits of A.
lamarckii (188). The acylated tetrahydroisoquinoline-monoter-
pene glucosides, 2′-O-trans-feruloyl-demethyl-alangiside 144
and their analogs 145, 146, and 147 were isolated from the
fruits of A. lamarckii (189).

Five tetrahydroisoquinolinemonoterpene (THIQM) glyco-
sides—6′′-O-α-D-gluco-pyranosyl-ipecoside 148, (4R)-4-hy-
droxyipecoside 150, (4R)-151, and (4S)-4-hydroxy-6,7-di-O-
methyl-ipecosides 152 and 153—were isolated from Cephaelis
acuminata (187), and 148 was isolated from Alangium lamar-
ckii (190). Two new glucosides, 154 and 155, which possess
structures different from any other known THIQM glucosides,
were isolated from the fruits of A. lamarckii (191). Four new
N-acylated THIQM glucosides, trans-cephaloside 156, cis-
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cephaloside 157, 6-O-methyl-trans-cephaloside 158. and 6-O-
methyl-cis-cephaloside 159, were isolated from the roots of
Cephaelis ipecacuanha (192). Dauricoside 160, a new glycosi-
dal alkaloid, was isolated from the rhizomes of Menispermum
dauricum (193). Isolated compound 160 inhibited blood-
platelet aggregation induced by ADP.

Ipecac grows in the rain forests of Brazil and other parts of
South and Central America. It is also cultivated to a small de-
gree in India and Southeast Asia. Ipecac roots are used medici-
nally, and ipecac’s major constituents are the alkaloids emetine
and cephaline (194). The alkaloids have several important ac-
tions, including activation of brain centers that can induce vom-
iting, inhibition of the sympathetic nervous system, and inhibi-
tion of protein synthesis (195,196). Ipecac syrup is commonly
used as a remedy for poisoning, to be taken following inges-
tion of toxic but noncaustic substances. Unusual ipecac alka-
loids 161–163 were identified from extract of the dried roots of
Cephaelis acuminata (197).

STEROIDAL GLYCOALKALOIDS

Steroidal glycoalkaloids (SGA) have been found in several
vegetables: potatoes (Solanum tuberosum), tomatoes (Lycoper-
sicon esculentum), sugar beets (Beta vulgaris) and fruits: ap-
ples (genus Malus), cherries (genus Prunus) and red bell pep-
pers (Capsicum annuum), but mainly in the plants of the Night-
shade family, particularly the potato—an everyday food for
many people for more than 2000 years (198–202). Potatoes are
an essential component of the diet of many humans and ani-
mals and are thus a potential source of food poisoning
(199,202). The steroidal alkaloids are teratogenic, embry-
otoxic, and genotoxic (200,203,204) compounds with potent
permeabilizing properties toward mitochondrial membranes. 

Glycoalkaloids are plant steroids with a carbohydrate side
chain attached to the 3-OH position, e.g., α-solanine and α-
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chaconine from potatoes, α-tomatine and dehydrotomatine
from tomatoes (199,200,209). Recent research has found that
SGA are responsible for increasing the risk of brain, breast,
lung and thyroid cancer (198,205–208). Glycoalkalois are toxic
to humans; the lethal dose is 3–6 mg per kg of body mass.
Structures of potato glycoalkaloids of α-solanine 164-167, and
of α-chaconine 168-171 were identified from the Solanum
tuberosum species (199,200,209). Structures of tomato glycoal-
kaloids 172-175 isolated from Lycopersicon esculentum
species (199,200,209) also have been determined.

Some new glycoalkaloids have been isolated from different
plant species and their structures elucidated by physical and
chemical methods. The glycoalkaloid α-solasonine 176, ex-
tracted from Australian Solanum sodomaeum, showed antineo-
plastic activity against Sarcoma 180 in mice (ED50 was 9
mg/kg) (210). Bioassay-guided fractionation of the methanol
extract of the root bark of S. arundo led to the isolation of a
steroidal glycoalkaloid, designated arudonine, 177 (211). This
steroidal glycoalkaloid inhibited the growth of lettuce seedlings
(Lactuca sativa). Glycoalkaloid 178 was extracted from the
leaves of S. lyratum and the seeds of Medicago hispida and
Agrostemma githago collected in Anhui Province of China
(212). The unusual glycoalkaloid 179 has been isolated from
the rhizomes of Veratrum album (Liliaceae) (213). Major novel
steroidal alkaloid glycosides, named esculeoside A 180 and es-
culeoside B 181, were first isolated from the pink color-type
and the red color-type, respectively, of the ripe tomato fruits of
Lycopersicon esculentum (213). The steroidal alkaloid glyco-
sides, lycoperoside A 182, B 183, C 184, and D 185 were iso-
lated from tomato fruits (L. esculentum) (214).

Various chemical constituents isolated from different
Solanum species include alkaloids, phenolics, flavonoids,
sterols, saponins, and their glycosides were reviewed (215).
Notable biological activities reported from the various species
are the antioxidant activity of S. tuberosum and S. lyratum, an-
tifertility activity of S. xanthocarpum, antiulcerogenic activity
of S. nigrum, antineoplastic activity of S. nigrum, S. dulca-
mara, S. capsicastrum, S. trilobatum, S. lyratum and S. in-
dicum, and the hepatoprotective activity of S. lyratum, S. cap-
sicastrum, S. nigrum, S. indicum, and S. incanum.
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MISCELLANEOUS ALKALOID GLYCOSIDES

Fenazines 186-191 are a rare class of glycosidic alkaloids pro-
duced by a filamentous bacterium (isolate CNB-253, an un-
known Streptomyces sp.) that was isolated from the shallow
sediments in Bodega Bay (California) (216). Isolated com-
pounds showed antibacterial activity.

Fava beans, Vicia faba, are a common human food in the
Mediterranean regions of Europe. Their potential as a protein
supplement for livestock is being explored in the United States
and Canada. Fava beans contain the toxic glycosides covicine

192 and vicine 193. These glycosides hamper the development
of fava beans as a worldwide food and feed crop because they
cause a disease called favism in people who have an inherited
absence of the enzyme glucose-6-phosphate dehydrogenase in
their red blood cells (217,218).

Two monoterpene alkaloid glucosides loxylostosidine A
194 and B 195 were isolated from Lonicera xylosteum [Euro-
pean fly honeysuckle; Caprifoliaceae (219)]. Xylostosidine 196
has a similar structure and also was isolated from this plant
species (220). American dwarf honeysuckle (L. xylosteum) was
found in the states of Connecticut, Massachusetts, Michigan,
Missouri, North Carolina, New Jersey, New York, and Vermont
in the United States; the presence of alkaloids in North Ameri-
can L. xylosteum has not been investigated. The alkaloid
isorheagenine glycoside 197 was isolated from Papaver rhoeas
(221).

Three new alkaloids, daphcalycinosidines A 198, B 199,
and C 200 and daphcalycic acid have been isolated from the
seeds of Daphniphyllum calycinum (222,223).
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Neosurugatoxin 201, which contains two sugars (myoinosi-
tol and xylopyranose) and bromine in its chemical structure,
was isolated from toxic Japanese ivory shell, Babylonia japon-
ica (224). Compound 201 was unstable in alkaline solution,
and at 1 × 10−9 g/mL 201 inhibited the contractile response in
isolated guinea pig ileum induced by 3 × 10−5 g nicotine/mL.
Compound 201 also evoked mydriasis in mice at a minimum
dose of 3 mg/g. The structurally related compounds prosuruga-
toxins 202 and surugatoxin 203 are also produced by Japanese
ivory shell, and poisoning cases have been reported in Niigata,
Fukui, and Shizuoka prefectures.

The methanolic extract of the stem bark of Schumanniophy-
ton magnificum and schumanniofoside 204, a chromone alka-
loidal glycoside isolated from it, reduced the lethal effect of
black cobra (Naja melanoleuca) venom in mice. This effect is
greatest when the venom is mixed and incubated with the ex-
tract of schumanniofoside. It is thought that the mode of action
is by oxidative inactivation of the venom (225).

In 1907, Bourquelot and Herissey (226) discovered
bakankosine 205 in seeds of the Madagascarean tropical woody
plant Strychnos vacacua (family Loganiaceae, order Gen-
tianales). More recently, the structure of bakankosine 205 was
confirmed by synthesis (227). Hypodermic injections of 0.28 g
of this glycoside per kg animal were not toxic to guinea pigs.
Veratramine 3-glucoside 206 and isorubijervosine 207 have
been isolated from Veratrum eschscholtzii (228), and 207 was
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isolated from V. lobelianum from Uzbekistan (229). The blue
pigment trichotomine and the glycoside derivatives tri-
chotomine G1 208, and N,N′-diglucopyranosyltrichotomine
209 were isolated from Clerodendron trichotomum fruits (230).

SUMMARY

Alkaloids are a class of compounds that typically contain ni-
trogen and have complex ring structures. They occur in nature

in seed-bearing plants and in berries, bark, leaves, fruits, and
roots. Many alkaloids of medical importance occur in the in-
vertebrate and plant kingdoms, and some have been synthe-
sized. Alkaloids include the nightshade poisons, codeine, co-
caine, curare, hemlock, nicotine, strychnine—a large range of
dangerous chemicals. Green potato skin is full of them, and
tomatoes were considered extremely poisonous in the 19th cen-
tury by Europeans because of their relationship with the night-
shade family until shown otherwise. Native Americans knew
otherwise, of course. Alkaloids are often potent as medicines
because of their high interactivity with the human body chem-
istry. They have a long history as local medicines known to the
native peopleIt is only fairly recently that, with the ability to
detail the chemistry of these substances, the pharmaceutical in-
dustry has been examining the many plants, and indeed some
invertebrates, amphibian, and animals, for their alkaloids. The
discovery of new sources of known biologically active alka-
loids and of new alkaloids as well as their glycosides in new
and already examined sources together with new structural and
synthetic studies calls for periodic reviews of these important
compounds.
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ABSTRACT: Endothelial cell function can be influenced by nu-
trition, especially dietary FA and antioxidants. One class of di-
etary FA that is found in meat and dairy products derived from
ruminant animals is conjugated linoleic acids (CLA). We have ex-
amined the effects of several CLA isomers on endothelial cell pro-
liferation. 9t,11t-CLA was the only isomer that inhibited bovine
aortic endothelial cell (BAEC) [3H]methylthymidine incorpora-
tion (I50 = 35 µM), and this antiproliferative effect was time-de-
pendent. A small decrease (20%) in cell number was observed
only at the highest concentration (60 µM) tested. The 9c,11t-,
9c,11c-, 10t 12c-, and 11c,13t-CLA isomers did not exhibit any
antiproliferative effects over a 5–60 µM concentration range. α-
Tocopherol and BHT decreased BAEC proliferation, but pretreat-
ment of cells with either of these antioxidants substantially atten-
uated the antiproliferative effect of 9t,11t-CLA. No difference in
lipid peroxidation, as measured by the thiobarbituric acid assay
for malondialdehyde, was observed on treatment of endothelial
cells with either 9t,11t- or 9c,11t-CLA. However, a 43% increase
in caspase-3 activity was observed after incubating BAEC with
9t,11t-CLA, suggesting that the antiproliferative effect of this iso-
mer is partially due to an apoptotic pathway. In contrast to the
above results with normal endothelial cells, these five CLA iso-
mers all inhibited proliferation of the human leukemic cell line
THP-1, with the 9t,11t isomer again being the most (I50 = 60 µM)
effective. These results confirm that different CLA isomers have
different inhibitory potencies on the proliferation of normal and
leukemic cells.

Paper no. L9777 in Lipids 40, 1107–1116 (November 2005).

The endothelium [or the endothelial cell (EC) monolayer] con-
stitutes a dynamic interface between the vessel wall and blood-
stream and plays a central role in the maintenance of vascular
homeostasis. Injury to the endothelium leads to altered function
and may be a critical event in the initiation of atherosclerosis. To
overcome this endothelial dysfunction, replacement of EC and
re-endothelialization is required; EC proliferation is one mecha-
nism to reestablish the integrity of the vascular intima.

PUFA, including fish oil EPA and DHA, reportedly modu-
late proliferation of a number of different cells, both normal
(including EC) and cancerous (1–5). Conjugated linoleic acid,

a class of dietary PUFA characterized by the presence of a con-
jugated diene system, has attracted considerable attention be-
cause its physiological effects include the reduction of breast,
colon and prostate cancers; arteriosclerosis; diabetes; and body
mass fat and the modulation of immune function (6).

CLA is a group of positional and geometric isomers of
linoleic acid. Most of these isomers are synthesized by rumen
bacteria and are found in meat and dairy products. Studies have
shown that CLA reduces cell proliferation and induces apopto-
sis in a large number of cancer cell lines (7–17). However, only
a few reports have examined the effects of CLA on cell prolif-
eration of normal cells such as rat EC and hepatocytes and
human skin fibroblasts and umbilical vein EC (7,12,18,19). A
number of mechanisms have been proposed to explain the an-
tiproliferative effects of CLA, including increased lipid peroxi-
dation, modulation of lipid metabolism, and alteration of signal
transduction (6,7). Furthermore, the proapoptotic action of
CLA has been shown to involve reactive oxygen species and
caspase activation (9,13,20).

Most in vivo and in vitro studies involving CLA have used
isomeric mixtures in which the major components were 9c,11t-
and 10t,12c-CLA, the former being the predominant isomer
found in nature. Since other purified isomers have become
commercially available, it has become possible to delineate the
physiological activities of each isomer. Studies that used puri-
fied CLA isomers have tended to focus on the effects of 9c,11t-
and 10t,12c-CLA, but several reports also have tested the
9c,11c- and 9t,11t isomers (13,16,20).

In view of our recent work on the effects of certain CLA iso-
mers on various cells involved in the cardiovascular system
(21,22), we decided to examine the effects of five pure CLA
isomers on the proliferation of normal, adherent EC. In addi-
tion, we also tested the effects of these isomers on a contrast-
ing system involving tumor-like cells grown in suspension, i.e.,
THP-1, a human monocytic leukemia cell line.

MATERIALS AND METHODS

9c,11t-, 9c,11c-, 9t,11t-, 10t,12c-, and 11c,13t-CLA were pur-
chased from Matreya LLC (Pleasant Gap, PA). Bovine aortic
EC (BAEC) were obtained from the Coriell Institute for Med-
ical Research (Camden, NJ) and the human THP-1 cells from
the American Type Culture Collection (Manassas, VA). BHT,
EC growth supplement, FA-free BSA, NAD, lactic dehydroge-
nase, and α-tocopherol were purchased from Sigma-Aldrich
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Corp. (St. Louis, MO). DMEM/F12 and RPMI-1640 media
were bought from Mediatech Inc. (Herndon, VA), and What-
man GF/C glass microfilters (25 mm) were obtained from
Fisher Scientific (Suwanee, GA). [3H]Methylthymidine was
purchased from American Radiolabeled Chemicals (St. Louis,
MO) and FBS from Gibco Invitrogen (Carlsbad, CA).
Econosafe liquid scintillation cocktail was obtained from Re-
search Products International Corp. (Mt. Prospect, IL).

Cell culture. Initially, 6.6 × 104 BAEC (passages #8 and 9)
in 4 mL DMEM/F12 media containing 15% FBS, EC growth
supplement (20 µg/mL), heparin (50 µg/mL), and penicillin-
streptomycin (1000 IU, 1 mg/mL) were plated in 60 × 15 mm
tissue culture dishes for 24 h to allow the cells to attach to the
dishes. CLA-BSA complexes were prepared as previously de-
scribed (21) and added to the cells. In some experiments, cells
were pretreated with either BHT, α-tocopherol, or in-
domethacin for 4 h prior to the addition of CLA-BSA com-
plexes. T-75 flasks (4 × 105 cells/20 mL/flask) were used for
the caspase and malondialdehyde (MDA) experiments. THP-1
cells were grown in RPMI-1640 (containing L-glutamine and
10% FBS) in 60 × 15 mm culture dishes.

Cell proliferation experiments. Triplicate dishes containing
BAEC were pulsed for 4 h with 1 µCi/dish [3H]methylthymi-
dine prior to cell harvest. After removal of the growth medium
and washing, the cells were trypsinized in trypsin-EDTA and
harvested (after 24, 48, or 72 h) using a 12-sample Millipore
1225 Sampling manifold and GF/C glass microfilters. After
washing the filters, they were transferred to liquid scintillation
vials, suspended in Econosafe scintillation cocktail, and
counted in a Beckman LS 3801 liquid scintillation counter. Du-
plicate dishes containing BAEC were used for cell counting
and viability assays. After trypsinization, a 50 µL cell aliquot
was counted in a Z1 Coulter Particle Counter (Beckman Coul-
ter Inc., Miami, FL). Cell viability was assessed by determin-
ing lactate dehydrogenase (LDH) release into the medium (23).
A 0.1 mL cell supernatant sample was treated with 48 mM lac-
tate and 5 mM NAD, and NADH formation was measured at
340 nm. Absorbance data were expressed as the percentage of
LDH release from control cultures treated with 0.2% Triton X-
100. THP-1 cells were grown in suspension for 72 h and were
either pulsed for 4 h prior to harvest with 1 µCi/dish
[3H]methylthymidine (cell proliferation, in triplicate) or not
(cell counting, in duplicate). Cells were harvested directly on
GF/C microfilters and counted for radioactivity incorporation.

Caspase-3 activity and lipid peroxidation measurements.
BAEC (passage #10) were grown in the absence or presence
of CLA/BSA for 72 h as described above. After removal of
the control or CLA-containing medium and washing, the cells
were then harvested and counted. For the caspase-3 experi-
ments, the cells were lysed in lysis buffer [50 mM HEPES, pH
7.4, 5 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate , and 5 mM DTT] for 20 min on ice, fol-
lowed by three liquid nitrogen freeze-thaw cycles, 1–2 s soni-
cation, and centrifugation at 14,000 × g for 10 min at 4°C. Cas-
pase-3 activity in the cell lysates was determined using a
fluorometric caspase-3 assay kit (Sigma-Aldrich Corp., Mil-

waukee, WI) following the manufacturer’s instructions with a
Wallac 1420 microplate fluorometer set at an excitation wave-
length of 360 nm and emission of 460 nm. Caspase-3 activity
was monitored every 10 min for 1 h, and the results are ex-
pressed as pmol 7-amino-4-methylcoumarin released/min/mL
sample. Lipid peroxidation was monitored by measuring
MDA levels (24). After harvesting, the cells were disrupted
by the addition of 2 mL of 20% TCA. After addition of 1 mL
of 0.67% thiobarbituric acid, the mixture was heated at 100°C
for 20 min and, after cooling, centrifuged at 12,000 × g for 10
min. The absorbance was measured at 532 nm, and the con-
centration of MDA was calculated by using a standard curve
generated from 1,1,3,3-tetraethoxypropane and an extinction
coefficient of 153,000.

Statistical analysis. Data were analyzed by one-way
ANOVA and Student’s t-test.

RESULTS

The effect of incubating various CLA isomers with BAEC for
72 h on cell growth, as measured by [3H]methylthymidine in-
corporation, is shown in Figure 1A. Compared with the vehicle
control, only 9t,11t-CLA decreased cell proliferation over a
concentration range of 5–60 µM whereas the 9c,11c-, 9c,11t-,
10t,12c,- and 11c,13t-CLA isomers were relatively ineffective.
Similarly, only the 9t,11t-CLA reduced the BAEC numbers
under these experimental conditions (Fig. 1B). Thus 60 µM
9t,11t-CLA reduced [3H]methylthymidine incorporation by 72
± 21% (relative to control, n = 12) and reduced cell number by
22 ± 20% (n = 12). To determine whether the growth-inhibitory
effects of 5–60 µM 9t,11t-CLA were toxic to the BAEC, LDH
release into the medium through membrane leakage was evalu-
ated as an indicator of cytotoxicity. No statistically significant
differences in LDH release between these concentrations of
9t,11t-CLA-treated cells and untreated controls were observed
(results not shown). The time course of the 9t,11t-CLA effect
is shown in Figure 2 and indicates that the same maximal inhi-
bition of cell growth was observed at 48 and 72 h.

Since a number of studies had shown that antioxidants and
cyclooxygenase inhibitors can affect cell growth (24–26), we ex-
amined whether these agents could influence the 9t,11t-CLA-in-
duced decrease in BAEC cell proliferation. Treatment of BAEC
with the antioxidant α-tocopherol (7.5 µM) resulted in a 80% (n
= 4) decrease in [3H]methylthymidine incorporation and a 45%
decrease in cell number. A 37% increase in LDH release (rela-
tive to untreated controls) was observed with this concentration
of α-tocopherol (results not shown). When BAEC were pre-
treated for 4 h with this concentration of α-tocopherol followed
by the addition of 20–60 µM 9t,11t-CLA, the inhibitory effect of
CLA was reduced (Fig. 3). Thus, 7.5 µM α-tocopherol decreased
the inhibitory effectiveness of 60 µM CLA on the residual abil-
ity of BAEC to proliferate from 79 to 18%. Similar results were
obtained with 30 µM α-tocopherol (results not shown). The pres-
ence of CLA did not result in any additional LDH release other
than that observed with α-tocopherol alone. Using BHT as the
antioxidant also resulted in a dose-dependent decrease of cell
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FIG. 1. Effect of different CLA isomers on cell proliferation and cell numbers of bovine aortic endothelial cells
(BAEC). Cells were plated and after 24 h were supplemented with either vehicle or different concentrations of CLA
isomers complexed with 1% BSA. (A) Cell proliferation was measured 72 h after supplementation by the addition of
1 µCi/dish of [3H]methylthymidine for the last 4 h of culture. Under these conditions, [3H] incorporation into con-
trol cells (vehicle instead of CLA) averaged 1.59 ± 1.17 nCi/dish (n = number of separate experiments = 8). The re-
sults of triplicate dishes containing CLA isomers are given as % control. Values are mean ± SD. (B) Cell numbers
were measured in duplicate dishes after 72 h using the same protocol as described in (A) except no
[3H]methylthymidine was added. Control dishes contained 1.7 ± 0.33 x 106 cells (n = 8) after 72 h. u, 9t,11t (part
A, B: n = 12, 14); n, 9c,11t (n = 4, 5); ss, 9c,11c (n = 5, 4); s, 10t,12c (n = 4, 5); uu, 11c,13t (n = 4, 4). *P < 0.01
when compared with control without CLA. Error bars represent SD.
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FIG. 2. Time course of the antiproliferative effect of 9t,11t-CLA on BAEC. Cells were incubated with or without 60
µM 9t,11t-CLA/BSA for 24, 48, or 72 h. Cell proliferation was measured as described in the legend of Figure 1.
Control cells incorporated 3.0 ± 2.2, 2.9 ± 2.3, and 2.6 ± 1.5 nCi/dish after 24, 48, and 72 h, respectively. Results
are mean ± SD (n = 3 separate experiments). **P < 0.05 when compared with control without CLA. For abbrevia-
tion see Figure 1.

FIG. 3. Protective effect of α-tocopherol on the antiproliferative effect of 9t,11t-CLA on BAEC. BAEC were preincu-
bated with or without 7.5 µM α-tocopherol for 4 h followed by the addition of either vehicle/BSA (control) or differ-
ent concentrations of 9t,11t-CLA/BSA. After 72 h, cell proliferation and cell numbers were measured as described
in the legend of Figure 1. Under these conditions, [3H] incorporation into control cells in the absence or presence
of α-tocopherol averaged 0.56 ± 0.18 and 0.11 ± 0.037 nCi/dish (n = 4), respectively, and the corresponding cell
numbers averaged 1.9 ± 0.43 x 106 and 1.0 ± 0.27 x 106. Open bars, no α-tocopherol; hatched bars, with 7.5 µM
α-tocopherol. Results are mean ± SD (n = 4 separate experiments). *P < 0.01 when compared with CLA alone. For
abbreviation see Figure 1.



proliferation and cell number. For example, 20 µM BHT de-
creased [3H]methylthymidine incorporation by 90% (n = 6) and
cell number by 47% and increased LDH release by 30%. When
BAEC were pretreated with 20 µM BHT, the inhibitory effects
of 9t,11t-CLA on the residual proliferative ability of BAEC (as
measured by [3H]methylthymidine incorporation) were partially
but significantly reduced. At 20 and 60 µM 9t,11t-CLA, BHT
decreased the inhibitory effects from 43 and 77% of control (re-
spectively) to 17 and 45% (n = 6, P < 0.01) (Fig. 4). No addi-
tional LDH release was observed in the presence of both BHT
and CLA. A pretreatment with 5 µM BHT did not result in any
significant change in the inhibitory effect of 9t,11t-CLA (results
not shown). These results suggested that lipid peroxidation was
involved with the 9t,11t-CLA-induced reduction of BAEC pro-
liferation. To evaluate lipid peroxidation, cellular MDA levels
were measured in BAEC treated with either 9t,11t- or 9c,11t-
CLA, using the latter isomer as a control since it had no effect
on BAEC proliferation (Fig. 1). As shown in Figure 5, no change
in MDA formation (relative to untreated cells) was observed for
cells treated with 9t,11t-CLA whereas a 68 ± 46% (n = 3) in-
crease in MDA formation was observed with the 9c,11t-CLA
isomer. However, when corrections were made for the different
cell numbers obtained after treatment with these CLA isomers,
no significant differences in increased MDA production were
observed, [9t,11t-CLA, 145 ± 16% (n = 3) vs. 9c,11t-CLA, 159
± 56%]. Pretreating BAEC with 10 µM indomethacin, a cy-

clooxygenase inhibitor, for 4 h before incubating BAEC with
5–60 µM 9t,11t-CLA had no effect on cell proliferation (results
not shown).

To determine whether the 9t,11t-CLA-induced decrease in
BAEC cell proliferation and cell number was due to an induc-
tion of apoptosis, caspase-3 activity was monitored since acti-
vation of this enzyme has been used as a biochemical marker
for cells undergoing apoptosis. BAEC were treated with 60 µM
of either 9t,11t- or 9c,11t-CLA for 72 h followed by measure-
ment of caspase-3 activity of the cell lysates. The results in Fig-
ure 6 show that a 43% increase in caspase-3 activity was ob-
served after treatment with 9t,11t-CLA compared with a 24%
decrease obtained with the 9c,11t isomer.

To compare the above-described effects of CLA isomers on
proliferation of adherent normal EC with nonadherent
leukemia cells, we assessed the effects of these five CLA iso-
mers on the growth of the human monocytic leukemia THP-1
cells. As illustrated in Figure 7A, 20 µM of each of these iso-
mers inhibited [3H]methylthymidine incorporation 17–27%
whereas 60 µM decreased incorporation 37–53%. Although the
9t,11t-CLA was the most potent isomer (53%), the differences
in inhibitory potency between the isomers were not statistically
significant. Similarly, at a CLA concentration of 60 µM, the
9t,11t-isomer was also the most effective in decreasing cell
numbers after 72 h (30%). The other CLA isomers decreased
THP-1 cell numbers in the16–24% range (Fig. 7B).
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FIG. 4. BHT effect on the antiproliferative effect of 9t,11t-CLA on BAEC cell growth and cell number. BAEC were
preincubated with or without 20 µM BHT for 4 h followed by the addition of either vehicle/BSA (control) or differ-
ent concentrations of 9t,11t-CLA/BSA complexes. After 72 h, cell proliferation and cell numbers were measured as
described in the legend of Figure 1. Under these conditions, [3H] incorporation into control cells in the absence or
presence of BHT averaged 2.14 ± 0.91 and 0.22 ± 0.017 nCi/dish (n = 6), respectively, and the corresponding cell
numbers averaged 2.1 ± 0.29 x 106 and 1.1 ± 0.49 x 106. Open bars, no BHT, hatched bars, with 20 µM BHT. Re-
sults are mean ± SD (n = 6 separate experiments). *P < 0.01 when compared with CLA alone. For abbreviation see
Figure 1.



DISCUSSION

A number of reports have appeared that have examined the an-
tiproliferative effects of several CLA isomers on various tumor
cells (7–17). In general, 9c,11t- and 10t,12c-CLA were found to
reduce the proliferation of human breast, colorectal, liver, lung,
stomach and prostate tumor lines as well as several leukemia cell
lines. In contrast, few studies have focused on the effects of CLA
on normal cells. These two CLA isomers reduced cell growth in
rat mammary EC and hepatocytes but had no effects on human
skin fibroblasts and human umbilical vein EC (7,12,18,19). Most
of these studies used CLA isomeric mixtures or pure 9c,11t-
and/or 10t,12c-CLA. Only three reports have appeared that
tested the antiproliferative effects of an additional isomer, either
the 9c,11c- or 9t,11t-CLA (13,16,20). The present study com-
pares the effects of all five CLA isomers that are commercially
available in pure form at this time on the proliferation of both
normal, adherent cells (BAEC) and a leukemic cell line grown
in suspension (THP-1).

Cis, trans isomers constitute the major (86–93% of total iso-
mers) CLA isomer class found in dairy and beef products
(27–29). The 9c,11t-CLA represented more than 70% of this
class whereas the next most abundant isomer in this group,
7t,9c-CLA, amounted to only 10%. The most abundant trans,
trans component was 9t,11t-CLA, which represented 1.5–3.7%
of the total CLA isomers and was present to a slightly greater

extent than the 10t,12c-CLA isomer (28,29). Although the
9t,11t-CLA isomer was a minor component of the CLA pool in
foods, two recent reports indicate that this isomer is a major
CLA constituent in tissue lipids. Thus Petridou and coworkers
(30) reported that 9t,11t- and 9c,11t-CLA were the main CLA
isomers in serum isolated from women (each represented 41%
of the CLA total) (30). We also found that these isomers were
the two major CLA isomers in platelet lipids (17 and 33% of
the total respectively) (22). Huang and coworkers (31) reported
that the plasma CLA level in healthy men was 7 µM (31); thus
one can calculate that the 9t,11t-CLA concentration would be
in the 1–3 µM range. Since local concentrations could easily
be 10-fold higher, the effective levels of 9t,11t-CLA used in
our study (20–60 µM) should be physiologically attainable
(32). Our results show that only the 9t,11t-CLA decreased
BAEC growth (I50 = 35 µM) and that the other isomers tested,
including the more abundant ones found in dairy and beef food-
stuffs, did not appreciably affect proliferation even at 60 µM.
However, all five CLA isomers attenuated THP-1 cell prolifer-
ation, with the 9t,11t-isomer again the most potent isomer (I50
= 60 µM). The inhibitory differences between the isomers were
not statistically significant except that the least effective iso-
mer was 11c,13t-CLA. Furthermore our results suggest that
normal cells may be much less sensitive to the antiproliferative
effects of certain CLA isomers than tumor cells, although more
comparative studies are needed to confirm this hypothesis and
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FIG. 5. Malondialdehyde  (MDA) formation on BAEC treated with either 9t,11t-CLA or 9c,11t-CLA. BAEC were in-
cubated for 72 h without (vehicle/BSA, control) or with 60 µM of either 9t,11t-CLA or 9c,11t-CLA/BSA complexes.
After 72 h, the cells were isolated, disrupted with TCA followed by the addition of thiobarbituric acid. MDA and
cell numbers were determined as described in the Materials and Methods section. Control cells produced 0.40 ±
0.081 nmol MDA/sample. Cross-hatched columns have been corrected for cell number. Results are mean ± SD (n
= 3 separate experiments). For other abbreviation see Figure 1.



whether these CLA isomers can be used as anticancer agents.
This would agree with the report by Begin and coworkers (2)
that certain PUFA were much more antiproliferative and cyto-
toxic to human cancer cells than to normal human fibroblasts
and normal animal cells.

Our data indicate that 9t,11t-CLA inhibited cell proliferation
to a greater extent than it decreased cell number, and this differ-
ence was also observed with α-tocopherol and BHT. Since
thymidine incorporation, an indicator of DNA synthetic activity,
is only measured during a 4-h window just before cell harvest,
the antiproliferative effects of this CLA isomer and these antiox-
idants would only affect a small subset of cells that is actively
dividing during this time period. On the other hand, cell number
measurements represent a cumulative effect over 72 h. This
could explain why different results were obtained by these dif-
ferent assays. Our observations that both BHT and α-tocopherol
decreased BAEC proliferation differ from other reports on the
effects of these antioxidants on EC. Several studies indicated that
BHT and/or α-tocopherol stimulated EC proliferation (33–35)
whereas another stated that α-tocopherol had no effect (36). One
possible explanation for these differences is that EC from differ-
ent sources were used in these studies, i.e., EC derived from fetal
calf thoracic aorta (34), porcine pulmonary arteries (33), and
human umbilical cords (35,36), and that the antioxidants affected
these EC differently. Recently, α-tocopherol was reported to in-

hibit human mastocytoma cell proliferation (37). Our finding that
the antiproliferative effect of 9t,11t-CLA could be partially over-
come by either BHT or α-tocopherol is similar to earlier obser-
vations that α-tocopherol could reverse the antiproliferative ef-
fects of arachidonic and eicosatrienoic acids on smooth muscle
cells, fibroblasts, and medial cells (24,38). On the other hand,
neither of these antioxidants was able to restore decreased cell
proliferation in HepG2 hepatoma cells induced by a 1:1 mixture
of 9c,11t- and 10t,12c-CLA isomers (11). Although the antioxi-
dants inhibited BAEC proliferation by 80–90%, our results indi-
cate that the presence of these antioxidants decreased the antipro-
liferative effect of 9t,11t-CLA. This protective (but not additive)
effect of the antioxidants on the residual proliferative ability of
the cells suggested the generation of oxidant species in the an-
tiproliferative effect of 9t,11t-CLA as was noted by Bergamo and
coworkers (20).

A number of oxidant intermediates and products are gener-
ated during cell proliferation, some of which are derived from
lipid peroxidation including peroxy radicals and MDA. How-
ever, this oxidant is probably not a MDA precursor since we
observed no differences in MDA formation on treatment of
BAEC with the antiproliferative 9t,11t-CLA and the ineffec-
tive 9c,11t-isomer. Furthermore, since prostaglandins such as
PGE2 have been reported to stimulate cell proliferation in cer-
tain cancer cells and angiogenesis (25,39), our results showing
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FIG. 6. Effect of 9t,11t-CLA and 9c,11t-CLA on caspase-3 activity in BAEC. Cells were treated for 72 h without (ve-
hicle/BSA, control) or with 60 µM of either 9t,11t-CLA or 9c,11t-CLA/BSA complexes. After 72 h, the cells were iso-
lated and then lysed; caspase-3 activity was then determined as described in the Materials and Methods section.
Results have been corrected for cell number and are expressed as the mean ± SD (n = 4 separate experiments).
Control cells released 20 ± 4.0 pmol 7-amino-4-methylcoumarin/min/mL sample. *P < 0.01, **P < 0.05 when com-
pared with control without CLA. For abbreviation see Figure 1.
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FIG. 7. Effect of different CLA isomers on cell proliferation and cell numbers of THP-1 leukemia cells. Cells were
grown for 24 h and were then supplemented with either vehicle or different concentrations of CLA isomers com-
plexed with 1% BSA. (A) 72 h after vehicle or CLA supplementation, cell proliferation was measured by the addi-
tion of 1 µCi/dish of [3H]methylthymidine for the last 4 h of culture. Under these conditions, [3H] incorporation
into control cells (vehicle instead of CLA) averaged 1.26 ± 0.38 nCi/dish (n = 5). The results of triplicate dishes are
given as % control. Values are mean ± SD (n = 4 separate experiments). (B) Cell numbers were measured in dupli-
cate dishes after 72 h using the same protocol as described in (A) except no [3H]methylthymidine was added. Con-
trol dishes contained 0.8 ± 0.076 x 106 cells after 72 h. u, 9t,11t; nn, 9c,11t; ss, 9c,11c; s, 10t,12c; uu, 11c,13t. *P
< 0.01 when compared with control without CLA.



that the cyclooxygenase inhibitor indomethacin had no effect
on the antiproliferative effect of 9t,11t-CLA indicated that
prostaglandins were probably not involved in this process.

A number of studies have reported that several CLA isomers
induced apoptosis via activation of caspase-3. Thus 9c,11t- and
10t,12c-CLA enhanced the caspase-3 activity in SW480, HT-29,
and MIP-101 human colon cancer cell lines; dRLh-84 rat he-
patoma cells; and human Jurkat T cells (12,13,19,32). Depend-
ing on the cell system, incubation times (6–96 h), and CLA con-
centrations (10–200 µM), activity increases from 20 to 400%
were observed. In Jurkat T cells, the 9c,11t-CLA was the most
effective isomer (fivefold increase) and the 9t,11t-isomer the
least effective (twofold increase) when the cells were treated
with the CLA isomer at 200 µM for 24 h (20). In the present
study, comparable numbers were obtained, as we found that 60
µM 9t,11t-CLA increased caspase-3 activity 43% in BAEC after
72 h. However, with BAEC and our experimental conditions, a
24% decrease in caspase-3 activity was observed with the 9c,11t-
isomer. These results suggest that when a CLA isomer exhibits
antiproliferative properties, this is associated with induction of
apoptosis as indicated by increased caspase-3 activity.

Thus, the present study provides evidence that 9t,11t-CLA,
but not 9c,11t-CLA, inhibits proliferation of BAEC, and this
antiproliferative effect involves the activation of the proapop-
totic caspase-3 as well as oxidant species that are not precur-
sors to MDA. Nor did 9c,11c-, 10t,12c-, and 11c,13t-CLA in-
hibit BAEC proliferation, but all five CLA isomers exhibited
antiproliferative effects on THP-1 leukemia cells.
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ABSTRACT: It has been reported that consumption of CLA and
EPA alters lipid metabolism. CLA contains conjugated double
bonds, and EPA is an n-3 PUFA. Based on the possibility that a
molecule with both of these structures might have interesting
physiological effects, we prepared conjugated FA from EPA by
alkaline isomerization and examined the effects of the conjugated
EPA (CEPA) on lipid metabolism in rats. Rats were fed by oral gav-
age every day for 4 wk with 200 mg of FA including linoleic acid,
EPA, CLA, or CEPA. Compared with other groups, rats fed CEPA
showed a significant weight loss in epididymal adipose tissue and
significant decreases in the levels of liver TAG and total choles-
terol (TC), indicating reduced accumulation of lipid in the liver
and adipose tissue. The plasma levels of TAG, TC, FFA, and
tumor necrosis factor-α in rats fed CEPA were reduced, as was
the activity of the FA synthesis system in the liver, whereas the
FA-β-oxidation system was activated by CEPA. These results sug-
gest that intake of CEPA suppresses lipid accumulation in the liver
and epididymal adipose tissue while increasing lipid catabolism
in rats.

Paper no. L9815 in Lipids 40, 1117–1123 (November 2005).

A total caloric intake characterized by an excessive consump-
tion of lipid in the absence of increased energy expenditure
leads to obesity (1). Obesity is evidenced as an excessive in-
crease in white adipose tissue, and it provides the basis for so-
called lifestyle-related diseases such as diabetes mellitus, hy-
perlipidemia, and arteriosclerosis. Accumulation of TAG,
which constitute the majority of dietary lipids, causes changes
in liver function and is strongly associated with the develop-
ment of pathological conditions such as fatty liver, hyperlipi-
demia, and obesity (2). Therefore, prevention of lipid accumu-
lation in white adipose tissue and the liver would be useful in
preventing lifestyle-related diseases.

Recent studies have reported that CLA (18:2), a group of
FA isomers with conjugated double bonds, has an antiobesity
effect due to suppression of body fat accumulation (3–6). How-
ever, there are a number of reports disclaiming the antiobesity

effect of CLA in humans (7). Several geometric isomers of
CLA are found in natural products; these isomers are especially
abundant in ruminant-derived oils and fats such as beef tallow
and milk fat (8). Other than antiobesity effects, CLA has been
reported to have various physiological actions, such as anti-
cancer and antiarteriosclerosis effects (8–12), but because the
CLA content in natural oils and fats is only about 1%, it would
be difficult to use them as CLA-containing functional lipids.
Thus, CLA-containing oils and fats resulting from alkaline
isomerization of plant oils such as safflower oil are currently
available as commercial products (7,9).

In addition to CLA, other conjugated FA occur naturally in
plant seeds and marine algae (13–15), but their properties have
not been widely explored. Our previous reports on the physio-
logical functions, metabolism, analysis, and oxidative stability
of conjugated FA other than CLA (16–22) indicated that their
in vitro and in vivo tumoricidal effects are stronger than those
of CLA (18,19,22). We have also found that rats fed FA con-
taining conjugated triene systems convert them to FA with con-
jugated dienes (16,21). These studies have been facilitated by
the development of analytical methods in which isomerization
of conjugated FA is avoided and the FA are stabilized against
oxidation (17,20).

These findings are of interest, but the metabolism effects of
conjugated FA other than CLA remain unclear. Furthermore,
consumption of highly unsaturated n-3 FA such as EPA
(5Z,8Z,11Z,14Z,17Z-20:5) has been reported to improve lipid
metabolism (23). In this study, we speculated that a highly un-
saturated n-3 FA with conjugated double bonds might have in-
teresting physiological effects, perhaps including increased
lipid catabolism. To examine this possibility, we prepared con-
jugated EPA (CEPA) from EPA by alkaline isomerization and
determined its physiological effects in rats. Positive controls
were a CLA preparation with reported antiobesity effect and
EPA. To evaluate the antiobesity effect, the weights of body
and white adipose tissue were measured. In addition, the
plasma concentrations of leptin, tumor necrosis factor (TNF)-
α, and FFA secreted from the white adipose tissue were mea-
sured. To evaluate the influence on in vivo lipid metabolism,
the lipid composition of liver and plasma and the lipid-metabo-
lizing enzyme activity of the liver were measured. As a result,
we show that CEPA suppresses lipid accumulation in the liver
and adipose tissue and increases lipid catabolism to a greater
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extent than linoleic acid (LA), CLA, and EPA. CEPA is not
found in the mammals not fed this FA. Thus the intake of CEPA
might be effective in preventing obesity.

EXPERIMENTAL PROCEDURES

Materials. EPA (90% purity) was donated by Bizen Chemical
(Okayama, Japan). Safflower oil and CLA (80% purity) were
obtained from Rinoru Oil Mills (Nagoya, Japan).

Preparation of safflower oil FA. After being bubbled with
nitrogen gas for 15 s, 90 mg of safflower oil was saponified
with 15 mL of 0.3 N KOH in 90% methanol at 37°C for 2 h to
produce safflower oil FA (16,17). Once the reaction mixture
was cooled to room temperature, it was added to 5 mL of 90%
methanol and 15 mL of hexane, and the mixture was vigor-
ously shaken. The methanolic aqueous layer was further
washed twice with 15 mL of hexane to exclude the nonsaponi-
fied material. The recovered washed methanolic aqueous layer
was added to 9 mL of 6 N HCl, and the FA were then extracted
with hexane (2 × 15 mL). The combined hexane extracts were
evaporated under a nitrogen stream, and the concentrate was
passed through Sep-Pak Silica (Waters, Milford, MA) with 10
mL of hexane/diethyl ether (95:5, vol/vol) as the eluent to col-
lect the safflower oil FA. 

Preparation of CEPA. CEPA was prepared from EPA by al-
kaline isomerization, using the AOAC method with slight modi-
fications (19,24). EPA (1 g) in a test tube (100-mL vol) was
mixed with 10 mL of potassium hydroxide at a concentration of
21% (w/w) in ethylene glycol. Nitrogen gas was bubbled
through the mixture, and the tube was then screw-capped and al-
lowed to stand for 5 min at 180°C. The reaction mixture was
cooled, and 10 mL of methanol was added. The mixture was
acidified to below pH 2 with 20 mL of 6 N HCl, and, after dilu-
tion with 20 mL of distilled water, the conjugated FA was ex-
tracted with 50 mL of hexane. The hexane extract was washed
with 30 mL of 30% methanol and with 30 mL of distilled water
before being evaporated under a nitrogen gas stream. The con-
centration of the conjugated FA was determined by UV/vis spec-
trophotometric analysis by using a Shimadzu UV-2400PC (Shi-
madzu, Kyoto, Japan). The spectrophotometric readings con-
firmed the presence of conjugated FA (25) and showed that about
90% of the EPA had been isomerized to a variety of CEPA. After
being purged with nitrogen gas, CEPA was stored at –20°C.

Animals and treatment. Male Sprague-Dawley rats (4 wk of
age) were obtained from Japan SLC (Hamamatsu, Japan).
Commercial diet (MF) used for animal trials was purchased
from Oriental Yeast Co., Ltd. (Chiba, Japan) and had the fol-
lowing approximate composition (g/kg diet): carbohydrate,
544; protein, 236; fat, 53; fiber, 29; moisture, 77; ash, 61. The
energy content of the commercial diet was 360 kcal/100 g diet
(21). FA composition of the commercial diet was 16:0 (15%),
16:1 (1%), 18:0 (3%), 18:1 (26%), 18:2 (47%), 18:3 (4%), 20:1
(1%), 20:5 (1%), 22:1 (1%), and 22:6 (1%). The nature of the
conjugated double bonds in the conjugated FA samples pre-
pared as described above was determined by UV/vis spec-
trophotometric analysis, and these data are summarized in

Table 1. The prepared test oils contained the main FA as 60%
of the total FA content, based on GC and UV/vis spectropho-
tometry (Table 1). The GC conditions were described previ-
ously (16,20,21). The test oils were prepared as follows: LA
oil was prepared with only safflower oil FA; CLA oil, with saf-
flower oil FA and CLA (safflower oil FA/CLA = 13:87,
vol/vol); EPA oil, with safflower oil FA and EPA (safflower oil
FA/EPA = 28:72, vol/vol); and CEPA oil, with safflower oil FA
and CEPA (safflower oil FA/CEPA = 22:78, vol/vol). The test
oils were stored at −20°C until they were fed to the animals.
After acclimation to a commercial diet for 1 wk, rats were ran-
domly divided into four groups according to the administered
test oils: safflower oil FA supplement (LA group, n = 8); 60%
CLA supplement (CLA group, n = 8); 60% EPA supplement
(EPA group, n = 8); and 60% CEPA supplement (CEPA group,
n = 8). Two hundred milligrams of test oil per rat was adminis-
tered daily by oral gavage. The amount of 200 mg/d in rats is
equal to about 0.8–1% of dietary intake (21–23 g/d) (16). The
lipid content of the commercial diet is 5.1%. So, the lipid in-
take is about 6% in this study; this does not represent a high-fat
diet. The antiobesity effect of CLA appears at about 0.5–1% of
the diet, according to past reports (3–6). So, the dietary intake
of CEPA was adjusted to about 0.5% in this study. Oral admin-
istration was selected because the conjugated FA are easily ox-
idized (20) and because it was important to keep the dietary in-
take of the conjugated FA constant. Two rats were housed in
each cage in a temperature- and humidity-controlled room with
light cycles of 12 h on and 12 h off. Animals were given free
access to commercial diets and distilled water. All procedures
were performed in accordance with the Animal Experiment
Guidelines of Tohoku University.
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TABLE 1
FA Composition of the Dietary Oil Mixtures

LAa CLAb EPAc CEPAd

(%)
16:0 8.1 9.3 2.1 2.2
18:0 2.9 4.7 0.8 1.1
18:1n-9 16.3 14.6 14.5 12.7
18:2n-6 71.8 10.3 21.4 17.0
CLA
9Z,11E — 24.0 — —
10E,12Z — 25.8 — —
Others — 10.2 — —

20:5n-3 — — 60.0 5.5
CEPA
Diene — — — 33.6
Triene — — — 20.3
Tetraene — — — 4.6
Pentaene — — — 1.5

Other 0.9 1.1 1.2 1.5
aSafflower oil FA.
bSafflower oil FA: CLA = 13:87 (vol/vol).
cSafflower oil FA: EPA = 28:72.
dSafflower oil FA: Conjugated EPA (CEPA) = 22:78. CLA was donated by Ri-
noru Oil Mills. CEPA was prepared from EPA by the AOAC method (19,24).
9Z,11E, 9Z,11E-18:2; 10E,12Z, 10E,12Z-18:2; Diene, conjugated diene;
Triene, conjugated triene; Tetraene, conjugated tetraene; Pentaene, conju-
gated pentaene.



Sample preparation and measurements of diet intake, body
weight, and tissue weight.  During the 4-wk test period, the diet
intake was measured in each group. The diet was given in the
same feeding box as for powdered diets except with an inside
lid. The feeding box was fixed so that the rat could not damage
or alter it. The diet intake was determined by weighing the
feeding box every day and calculating the decrement of diet.
During the test period, body weight was measured in each
group every week. At the end of the 4-wk test period, the rats
were weighed, and blood samples were collected following de-
capitation. The liver, spleen, kidney, lung, heart, and epididy-
mal adipose tissue were removed and weighed. Blood was
treated with EDTA, and the plasma was isolated by cold cen-
trifugation at 1,000 × g for 15 min at 4°C, as previously re-
ported (16,18,19). Tissues and plasma were stored at −30°C
until use.

Assays for leptin, TNF-α, FFA, insulin, and glucose concen-
trations in plasma.  The leptin concentration in plasma was de-
termined with a rat leptin EIA (Enzyme Immuno Assay) kit
(Immuno-Biological Laboratory. Co., Ltd., Gunma, Japan),
TNF-α with a rat TNF-α ultrasensitive ELISA kit (BioSource
International, Inc., Camarillo, CA), and insulin with a rat in-
sulin ELISA kit (Shibayagi Ltd., Gunma, Japan), according to
the manufacturer’s protocol in each case. The glucose and FFA
contents were measured enzymatically with commercial kits
supplied by Wako Pure Chemical Industries (Tokyo, Japan),
again according to the manufacturer’s protocol.

Lipid determination.  TAG and total cholesterol (TC) in
plasma and liver were measured using commercially available
enzyme kits (TAG Test Wako and Total Cholesterol Test Wako)
according to the manufacturer’s protocol. Phospholipid (PL)
content in plasma and liver was determined using the method
described by Bartlett (26).

Assays of enzyme activity in liver. FA synthase (FAS) activ-
ity in the liver was determined spectrophotometrically from the
rate of malonyl-CoA-dependent NADPH oxidation (27). Malic
enzyme (ME) activity in liver was determined as previously
described (28). FAS and ME activities were expressed as nmol
of NADPH/min/mg protein. Acyl-CoA oxidase (ACO) activ-
ity in liver was measured from the rate of palmitoyl-CoA-de-
pendent H2O2 production coupled with dichlorofluorescein ox-
idation, as described by Small et al. (29), and expressed as
nmol of dichlorofluorescein/min/mg protein. The protein con-
centration in liver was determined using a DC Protein Assay
kit (Bio-Rad Laboratories, Hercules, CA), with BSA used as
the standard.

Statistical analysis.  Statistical analysis was performed
using one-way ANOVA, followed by a Newman– Keule’s test
for multiple comparisons among several groups. A difference
was considered to be significant at P < 0.05.

RESULTS

CLA has only conjugated diene structures, whereas CEPA has
diene, triene, and other structures (Table 1). Each rat was fed
200 mg of the test oil once every day for 4 wk. The diet plus

200 mg of the test oil in rat is equivalent to a 6% fat diet, which
is not a high-fat diet and is within the normal limits of rat di-
etary lipid content. The conjugated FA accounted for an aver-
age of 0.5% of the daily intake of the rats, and all animals in all
the groups showed favorable growth during the experimental
period. The amount of diet intake was 22.9 ± 2.1 g/d in the LA
group, 21.9 ± 2.3 g/d in the CLA group, 22.3 ± 1.8 g/d in the
EPA group, and 20.1 ± 2.3 g/d in the CEPA group (mean ± SD,
n = 8). There was no significant difference in the average di-
etary intake during the test period. The average body weight in
the CEPA group was significantly lower than those in the other
groups at the end of the test period, and was 89% of that in the
LA group (Fig. 1). To clarify the basis for the effect of CEPA,
several tissues were weighed, but no significant differences in
the heart, lung, liver, spleen, and kidney weights were found
among the four groups (Table 2). However, the weight of epi-
didymal adipose tissue, a visceral white adipose tissue, was sig-
nificantly lower in the CEPA group than in the other groups,
and was only 45% of that in the LA group (Table 2). Therefore,
the body weight decrease in the CEPA group appeared to be
due to a decrease in the white adipose tissue weight.

To explain the decrease in the white adipose tissue weight,
changes in the plasma levels of the antiobesity hormone leptin,
of TNF-α, which is known to induce insulin resistance, and of
FFA were measured. No significant difference in the plasma lep-
tin level was found among the four groups (Fig. 2). In contrast,
the TNF-α level in the CEPA group was significantly lower than
those in the other groups, and was only 20% of that in the LA
group. The TNF-α level in the CLA group was also significantly
lower than in the LA group, showing a decrease to 57% of the
level in the LA group. The FFA level in the CEPA group was
significantly lower than in the LA and CLA groups, with a de-
crease to 72% of that in the LA group. And, the FFA level in the
CEPA group was in the decreasing tendency compared with the
EPA group. The FFA levels in the CLA and EPA groups were
80 and 74%, respectively, of the level in the LA group, a signif-
icant decrease. These results suggest that CEPA prevents the ac-
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FIG. 1. Effects on body weight of rats fed conjugated FA for 4 wk. Val-
ues are mean ± SD (n = 8). a,bMeans at a given time point with different
superscripts are significantly different at P < 0.05. LA, linoleic acid;
CEPA, conjugated EPA.



cumulation of white adipose tissue in rats. To examine this fur-
ther, the lipid composition (the levels of TAG, TC, and PL) was
determined in the plasma and liver. The plasma TAG levels in
the CEPA group were significantly lower than those in the other
groups, showing a decrease to 73% of the level in the LA group
(Table 3). The plasma TAG levels in the CLA and EPA groups
were also significantly decreased to 86 and 90%, respectively,
of the level in the LA group. The plasma TC levels in the CLA,
EPA, and CEPA groups were significantly decreased to 88, 87,
and 83%, respectively, of that in the LA group (Table 3), and
the plasma PL levels in the CEPA group were significantly de-
creased to 81% of the level in the LA group (Table 3). The lipid
composition in the liver showed similar behavior to that in
plasma, with decreased levels in the CEPA group (Table 3). The
liver TAG levels in the CEPA group were significantly lower
than in the other groups, and were decreased to 65% of that in
the LA group (Table 3). The liver TAG levels in the CLA and
EPA groups were also significantly decreased to 86 and 90%,
respectively, of that in the LA group, and the liver TC levels in
the EPA and CEPA groups were significantly decreased to 91
and 89%, respectively, of the level in the LA group. There were
no significant differences in liver PL levels among the four
groups.

The lipid composition data suggest that CEPA reduces liver
and plasma lipid levels and prevents lipid accumulation (particu-
larly TAG) in the liver by influencing FA metabolism enzymes in
the liver. To examine changes in FA metabolism in the liver, the
activities of FA-synthesizing enzymes such as FA synthetasesyn-
thase (FAS) and ME and the FA β-oxidation enzyme ACO were
measured (Fig. 3). FAS and ME activities in the CEPA group
were significantly reduced to 69 and 87%, respectively, of the ac-
tivities in the LA group. In contrast to the activities of FA-synthe-
sizing enzymes, ACO activity showed the opposite tendency,
with the CEPA group showing significant increases in ACO ac-
tivity to 190% of that in the LA group. These results indicate that
CEPA reduces the FA-synthesis system and promotes the FA β-
oxidation system. Overall, the results show that CEPA inhibits
lipid accumulation in rat liver and adipose tissue.

DISCUSSION

In this study, the effects of CEPA on lipid metabolism in rats
were examined, and the effects were compared with those in-

duced by LA, CLA, and EPA. We were able to show for the
first time that CEPA, an n-3 PUFA containing conjugated dou-
ble bonds, suppresses fat accumulation in the liver and adipose
tissue and increases lipid catabolism.

The body weight in the CEPA group after 4 wk of adminis-
tration was significantly decreased compared with the other
groups (Fig. 1), and we therefore examined which organ was
influenced by CEPA. The weight of epididymal adipose tissue
in the CEPA group was significantly lower than that in other
groups (Table 2), whereas there were no significant differences
in the heart, lung, liver, spleen, and kidney weights among the
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TABLE 2
Effects of CEPA on Weight of Selected Organs of Ratsa

LA CLA EPA CEPA

(g/100 g body weight)

Heart 0.33 ± 0.03 0.33 ± 0.02 0.33 ± 0.02 0.34 ± 0.02
Lung 0.40 ± 0.04 0.40 ± 0.06 0.39 ± 0.07 0.42 ± 0.03
Liver 4.97 ± 0.37 5.05 ± 0.22 5.00 ± 0.50 5.21 ± 0.27
Spleen 0.18 ± 0.02 0.19 ± 0.02 0.21 ± 0.04 0.18 ± 0.03
Kidney 0.67 ± 0.04 0.68 ± 0.04 0.68 ± 0.08 0.69 ± 0.06
Epididymal
adipose tissue 2.81 ± 0.56a 2.15 ± 0.69b 2.37 ± 0.38a,b 1.27 ± 0.29c

aValues are mean ± SD (n = 8). a,b,cMeans in a row with different superscripts are significantly differ-
ent at P < 0.05. For abbreviations see Table 1.

FIG. 2. Leptin, tumor necrosis factor-α (TNF-α), and FFA concentrations
in plasma of rats fed conjugated FA for 4 wk. Values are mean ± SD (n
= 8). a,b,cMeans in a panel with different superscripts are significantly
different at P < 0.05. For abbreviations see Figure 1.



four groups (Table 2). Hence, it appears that CEPA administra-
tion inhibits expansion of rat adipose tissue. To explain this
phenomenon, the blood levels of leptin, TNF-α and FFA were
measured, since these molecules are secreted from adipocytes.
Leptin is an antiobesity hormone that is closely associated with
progression of obesity (30), since its function is to promote en-
ergy metabolism, whereas TNF-α is known to cause insulin re-
sistance and FFA decrease energy metabolism and conse-
quently oppose the function of leptin (31–34). In this study,
there were no significant differences in the plasma leptin levels
among the four groups, but the TNF-α and FFA levels in the
CEPA group were significantly decreased compared with the
other groups (Fig. 2). Adipocytes are known to accumulate
lipids intracellularly and to secrete large amounts of TNF-α
and FFA (31,35). Hence, CEPA may prevent adipocyte growth.

The activities of the liver FA-synthesis enzymes FAS and ME
were also significantly reduced by CEPA administration,
whereas the activity of ACO, the rate-limiting enzyme in FA β-
oxidation in the liver, was significantly enhanced by CEPA (Fig.
3). These results indicate that CEPA has an effect on fat accumu-
lation in the liver and adipose tissue, largely through reduction
of FA synthesis and promotion of FA catabolism through the
liver β-oxidation system. Transcription of the ACO gene is regu-
lated by ligand-induced transcription factors referred to as per-
oxisome proliferator-activated receptors (PPAR) (36,37). Fi-
brates and thiazolidinedione derivatives (antidiabetic drugs) are
known to be ligands for PPAR, and highly unsaturated FA and
their metabolites, eicosanoids, are endogenous ligands (38–41).
In addition to ACO, the transcription of various enzymes related
to catabolism and utilization of FA, such as mitochondrial β-oxi-
dation system enzymes, enzymes involved in acyl-CoA-synthe-
sis, and lipoprotein lipases, is activated by PPAR to suppress fat
accumulation (37). CLA have been reported to act as high-affin-
ity ligands for PPAR and to activate PPARα in the regulation of
lipid metabolism (42–44). Therefore, CEPA may also regulate
lipid metabolism through this mechanism, and may have a
higher affinity for PPAR than CLA has. However, a recent study
has shown that in PPARα-knockout mice and wild-type mice fed
a CLA-containing diet, the genes related to hepatic lipid metabo-
lism respond similarly, suggesting that PPARα may not be of im-
portance in CLA-induced regulation of lipid metabolism (45).
Therefore, conjugated FA may regulate lipid metabolism by a
PPARα-independent mechanism, through which CEPA controls
adipocyte expansion, promotes leptin function, and decreases
lipid deposition in the body.

CEPA showed stronger effects than CLA in the present
study, suggesting that the conjugated double-bond structure has
an influence on these effects. We have previously reported that
lipids with a conjugated triene structure had a stronger tumori-
cidal effect than conjugated diene lipids, and that the effect was
influenced by the structure of the conjugated double bonds
(17,18). As shown in Table 1, CEPA contains conjugated triene
and tetraene structures, suggesting that lipids containing such
structures may have a stronger antiobesity effect than those with
conjugated dienes. The combination of conjugated double
bonds and n-3 FA in CEPA had a stronger effect on fat accumu-
lation than CLA and EPA; hence, CEPA reduced the secretion
of TNF-α and FFA from white adipose tissue, reduced hepatic
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TABLE 3
Effects of FA Intake on the Plasma and Liver Lipids of Ratsa

LA CLA EPA CEPA

Plasma TAG 2.23 ± 0.20a 1.91 ± 0.16b 2.01 ± 0.18b 1.62 ± 0.16c

(µmol/mL) TC 2.97 ± 0.25a 2.60 ± 0.31b 2.58 ± 0.26b 2.46 ± 0.27b

PL 3.16 ± 0.44a 2.77 ± 0.30a,b 3.07 ± 0.46a,b 2.57 ± 0.25b

Liver TAG 45.3 ± 2.28a 39.1 ± 3.09b 41.1 ± 3.40b 29.5 ± 4.54c

(µmol/g) TC 8.95 ± 0.49a 8.61 ± 0.46a,b 8.15 ± 0.69b 7.92 ± 0.54b

PL 14.1 ± 2.28 14.1 ± 3.68 12.4 ± 2.67 13.9 ± 2.65
aValues are mean ± SD (n = 8). TC, total cholesterol; PL, phospholipid; for other abbreviations see
Table 1. a,b,cMeans in a row with different superscripts are significantly different at P < 0.05.

FIG. 3. Activity of enzymes in FA metabolism in the liver of rats fed con-
jugated FA for 4 wk. Values are mean ± SD (n = 8). a,bMeans in a panel
with different superscripts are significantly different at P < 0.05. FAS, FA
synthase; ME, malic enzyme; ACO, acyl-CoA oxidase. For other abbre-
viations see Figure 1.



FA synthesis, lowered blood TAG and TC levels, and sup-
pressed the accumulation of fat in the liver and adipose tissue.
These results suggest that CEPA may have antiobesity effects in
humans, although further studies of the observed effects and
safety will be of importance. CLA made by isomerizing saf-
flower oil and corn oil with alkali is sold as a health food sup-
plement (7). Therefore, if CEPA made from the alkaline isom-
erization of EPA is found to be safe and without toxic side ef-
fects, CEPA might also be suitable as a health food supplement.
Based on the present  research in rats, humans would need to
consume about 5 g CEPA a day as a health food supplement to
see any effect. Therefore, it is also necessary to examine the ef-
fects of lower doses.
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ABSTRACT: The present study was designed to examine the
effects of EFA deficiency (EFAD) on biochemical, functional,
and structural aspects of the kidney in growing and adult rats
fed a normal or EFAD diet for 9 wk after weaning. Food and
fluid intake (FI), urine volume, and Na+ and K+ excretions were
measured weekly from weeks 4 to 8 by placing the rats in indi-
vidual metabolic cages for 24 h. At week 9, Li+ and a 5% water
load, respectively, were administered at 14 and 1.5 h prior to
glomerular and proximal tubular function studies, as assessed
by 3-h creatinine (CCr) and Li+ (CLi+) clearances. Hematocrit and
urine volume; serum and urine [Cr], [Li+], [Na+], and [K+]; and
renal FA distribution were also measured. Data [corrected to
100 g/body weight (bw) and presented as means ± SEM] were
significant, at P ≤ 0.05. Despite a similar ingestion of solids from
weeks 4 to 7 (weeks 7 to 10 of life), the rats on the EFAD diet
showed a decreased body weight from week 5. From weeks 4
to 8, FI and urine volume were similar for both groups, but the
FI increased at week 6 in the EFAD group; 24-h Na+ and K+ ex-
cretions were similar at all weeks, except for an increase in the
EFAD group for both ions at week 7. In the EFAD group, CCr and
CLi+ decreased by 27 and 56.3%, respectively (385.7 ± 33.4 vs.
280 ± 21.1, and 21.0 ± 2.1 vs. 9.2 ± 1.1 µL/min/100 g; n = 9
vs. 10), the latter result suggesting increased proximal reabsorp-
tion. The 3-h Na+ and K+ excretions were similar, but the Li+

decreased (0.78 ± 0.06 × 10−2 vs. 0.32 ± 0.03 × 10−2

µeq/min/100 g) in the EFAD group, giving additional support to
the suggestion. Renal structure was normal and similar for both
groups, but the EFAD group showed a more prominent proxi-
mal tubule brush border, together with heavier periodic
acid–Schiff staining in all specimens from weeks 5 to 9. In the
EFAD group, FA of the n-9 and n-7 series were higher, but most
of the n-6 series were lower as a percentage of total lipids in the
medulla and cortex. Medullary levels of 20:4n-6 were main-
tained, 22:4n-6 declined twice, arachidonic acid was main-
tained, and 20:5n-3 was lower. The EFAD diet affected

glomerular function, proximal tubular structure and function,
and FA distribution in the rat kidney.

Paper no. L8915 in Lipids 40, 1125–1133 (November 2005).

The development of a deficiency disease as a result of the rigid
restriction of dietary fat emphasizes the importance of the di-
etary lipid supply (1). Besides being precursors of eicosanoids,
long-chain PUFA also regulate membrane fluidity and perme-
ability, modulate the activity of membrane-bound receptors,
and may influence membrane enzymes, thus affecting signal
transduction and transport activities (2,3). In turn, the eicosa-
noids regulate the renal vasculature status (4). In studies in
mice (5) and rats (6), the kidney has been shown to be more re-
sistant than the liver to the depletion of arachidonic acid in-
duced by an EFA-deficient (EFAD) diet (7). However, the cited
study showed that in the kidney cortex and medulla, arachi-
donic acid (AA) levels were altered. In the same publication,
PI was shown to be the main source of protaglandin production
in response to receptor-mediated agonists. Also, the n-6 family
of FA, which are associated with cholesterol in the plasma and
adrenals, participated in prostaglandin vascular and cellular
metabolism (2). EFA deficiency (EFAD) is characterized by a
decrement in the n-6 and n-3 FA families and by an accumula-
tion of the n-9 FA family (7). Moreover, prostaglandin levels
are decreased in renal tissue with EFAD (8,9). Since one of the
kidney functions is body homeostatic (10–12), EFAD renal
dysfunction would be expected to affect body homeostasis.
There are, however, few studies relating the biochemical and
structural changes to the functional effects of EFAD on the kid-
ney. One of these studies showed that male and female 80-d-
old rats on a fat-free diet since weaning presented, along with
skin-related abnormalities, bloody urine (1) and many renal
structural changes, the most striking of which were tubular cell
calcification, necrotic areas in the medulla, and a variable ex-
tent of epithelial degeneration and fatty changes by hema-
toxylin-eosin and Mallory’s aniline blue stainings (13). In an-
other investigation, prostaglandin depletion was induced in
adult rats after 7 d of fasting and with 4 d on 10% dextrose in-
stead of water, followed by 14 d on an EFAD diet (14). Other
studies were conducted at the end of the depletion period on
both awake and anesthetized rats, as well as after supplementa-
tion with 0.5 g/d of linoleic acid (LA) for 5 d (14). The blood
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pressure (BP), renal blood flow, and glomerular filtration rate
(GFR) were not different between the control and EFAD anes-
thetized rats. No difference was depicted between the 24-h
GFR, urine volume (V), Na+ excretion (UNa+V), and K+ excre-
tion (UK+V) in either group of awake rats, whereas prostaglan-
din E2 (PGE2) excretion decreased in the deficient rats (113 vs.
22 ng/24 h). The V and UNa+V were lower following a Na+

load in the deficient rats either in the awake (5-h) or anes-
thetized (2-h) state. The awake, deficient rats were less able to
excrete the given oral water load and the intraperitoneal K+

one, respectively, at 5 and 2 h, and 0.9% saline substitution for
drinking water during 9 d disclosed high BP in the EFAD rats
from day 3. The LA supplementation normalized not only the
high BP but also the ability to excrete water and Na+ loads in
the awake, deficient rats, and urinary PGE2 returned to control
values within 4 d (14).

Another study measured the GFR of 50-, 70-, 90-, and 200-
d-old anesthetized female rats, fasted for 24 h, that were fed a
control or EFAD diet from weaning, and whose mothers had
been on the same diet regimen 10 d before delivery and also
during lactation (15). The control diet used soybean lipids,
whereas the EFAD diet was obtained using hydrogenated lard.
GFR and plasma urea increased at day 50 and deteriorated
thereafter, with higher plasmatic levels of creatinine (Cr), urea,
and Na+ as well as lower total protein and altered histology
(15). An EFAD-simulated state occurred in cultured Madin–
Darby canine kidney (MDCK) cells, an in vitro experimental
model for the renal distal tubule cell (16). MDCK cells grown
in FBS had an increased cholesterol/phospholipid ratio attrib-
utable to a 50% decrease in phospholipid content as well as a
reduced number of hemicysts, which were seen under electron
microscopy to be much flatter than their counterparts, with a
surface less dense in microvilli and mitochondria (16).

The aforementioned studies have shown a lack of agreement
in the GFR values or between the GFR and the Na+ and K+ ex-
cretions for diverse models of deficiency induction with ani-
mals at different ages, of different sexes, and in different states.
These facts prompted the present study in which the anes-
thetized rat model, with its secondary effects on cardiac, respi-
ratory, and renal function, was avoided (17). Functional and
structural studies were carried out to measure the weight gain,
ingestion of solids (SI), fluid intake (FI) and excretion, and Na+

and K+ urinary excretions of awake growing and young adult
rats on either diet, from weaning at 21 d of age. These studies
were followed by renal GFR and proximal tubular function
(PTF) measurements at week 9 on the diets, as well as with cor-
tical and medullary phospholipid FA distribution measure-
ments to determine diet effectiveness in inducing EFAD in
these rats.

EXPERIMENTAL PROCEDURES

Animals and diets. All animals grew and were kept at 22 ± 3°C,
65 ± 5% RH, and a 12-h dark/light cycle at the Physiology De-
partment, Universidade Federal de Pernambuco, with free ac-
cess to food and water. The parent Wistar rats were fed a com-
mercial pellet food and mated for 10 d. From pregnancy con-

firmation to weaning, each mother and 8 male offspring were
housed in the same cage. From weaning and for the following
9 wk, the offspring (4 per cage) had free access to water and to
a diet with either an adequate level of EFA (control, EFAC) or
a very low level of EFA (deficient, EFAD), thus establishing
two experimental groups. The FA source of the EFAC was corn
oil, with adequate levels of 18:2n-6 and 18:3n-3, and for the
EFAD it was hydrogenated coconut oil, providing 0.01% of
18:2n-6 and being almost free of 18:3n-3 FA (18). The diet
composition is shown in Table 1.

Protocols. (i) Body weight (bw) plus 24-h SI, FI, urine ex-
cretion, and Na+ and K+ excretions in awake, unrestrained
growing and young adult rats fed EFAC and EFAD diets after
weaning. All animals were weighed weekly after weaning.
After being adapted to the individual metabolic cage (IMC), 12
rats on EFAC and 12 on EFAD went weekly to the IMC be-
tween weeks 4 and 8 on either diet in the awake, unrestrained
state, with urine collection for 24 h. Animals and food were
weighed before and after the 24-h period, with the difference
in food weight being considered the SI (g/100 g/24 h). The
amount of water in the IMC container at the end of the period
was subtracted from the initial volume, giving the FI (mL/100
g/24 h). V was measured at the end of this period (mL/100 g/24
h). Na+ and K+ urinary concentrations (µeq/mL) were deter-
mined (Na+-K+-Li+ analyzer; Medica Corp., Bedford, MA) and
multiplied by V, yielding the respective urinary excretions,
UNa+V and UK+V (µeq/100 g/24 h).

(ii) Renal GFR and PTF studies for 3 h in awake, unre-
strained young adult rats fed EFAC and EFAD diets for 9 wk
after weaning. During week 9 on either diet, 10 EFAC and 9
EFAD rats received LiCl (0.06 meq/100 g body bw) and a 5-
mL/100 g bw water expansion, respectively, at 14 and 1.5 h be-
fore the experiment. They were then placed in the IMC for 3 h,
during which time their urine was collected and their food and
fluids restricted. At the end of this period, a final hematocrit was
taken and the rats were decapitated for blood collection. GFR
was measured by Cr clearance, (CCr) = ([Cr]u × V)/[Cr]p (in
µL/min/100 g bw), where [Cr]u and [Cr]p are, respectively, the
urinary and plasmatic Cr concentrations (in mg/dL) and V is the
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TABLE 1
FA Composition of EFA Control (EFAC) and Deficient (EFAD) Diets

EFAC 5% EFAD 5%
(corn oil) (coconut oil)

FA % of FA % of diet % of FA % of diet

8:0 — — 6.4 0.32
10:0 — — 7.4 0.37
12:0 — — 51.0 2.55
14:0 1.4 0.07 18.0 0.90
16:0 11.4 0.57 8.4 0.42
18:0 2.9 0.15 8.0 0.40
18:1n-9 26.2 1.31 0.5 0.02
18:2n-6 54.0 2.70 0.2 0.01
18:3n-3 1.0 0.05 — —
20:0 0.2 0.01 — —
20:1n-9 0.1 0.01 — —
22:0 0.2 0.01 — —
24:0 0.2 0.01 — —



urine volume (in µL/100 g/min) (19–21). [Cr] was measured ki-
netically and analyzed automatically (Cobas-Mira; Roche,
Basel, Switzerland), based on Jaffé’s reaction. The PTF was as-
sessed by Li+ clearance (CLi+, in µL/min/100 g), using the
above formula (19–21).

Formulae. The following formulae were used to calculate (i)
the fractional proximal Na+ reabsorption: (FrPNa+R) = (FLNa+ −
DNa+D) × (FLNa+) × 100, in % (where FLNa+ is the sodium fil-
tered load); (ii) the distal Na+ delivery: (DNa+D) = CLi+ ×
[Na+]plasma, in µeq/min/100 g; (iii) the fractional distal Na+ reab-
sorption-I: (FrDNa+R-I) = (DNa+D − [Na+]urine) × V/(DNa+D ×
100); and (iv) the fractional distal Na+ reabsorption-II:
(FrDNa+R-II) = (DNa+D − [Na+]urine) × V/FLNa+ × 100 (19–21).

Statistics for functional studies. Results are expressed as
100 g/bw and presented as means ± SEM. Paired and un-
paired Student’s t-tests and ANOVA for repeated measures,
complemented by Scheffé’s F-test, were used for statistical
analyses. Differences were considered significant when P ≤
0.05.

(i) Renal structural and histochemical studies. Weekly,
between weeks 4 and 9 on either diet, 2 rats from each group
were decapitated and their kidneys were processed for struc-
tural and histochemical studies. Briefly, the kidneys were cut
sagitally, fixed in Bouin’s solution for 24 h, and kept in 70%
ethanol until processing; the tissue was then dehydrated,
cleared, impregnated, and embedded in paraffin and cut into
6-µm slices; specimens were stained with hematoxylin-eosin
and Gomori’s trichromic for structural analysis and by the
periodic acid–Schiff (PAS) reaction for histochemical analy-
sis (22).

(ii) Renal phospholipid FA composition in the cortex and
medulla from EFAC and EFAD rats. In week 9 on either diet,
another 5 rats from each group were decapitated and their kid-
neys were removed surgically. The cortex and medulla were
dissected over ice, washed rapidly in ice-cold 0.9% NaCl, and
homogenized in 10 mM Tris-HCl-1 mM EGTA buffer. The ho-
mogenate was centrifuged at 12,000 × g for 30 min at 4°C
(RC2-B, Sorvall). The pellet was resuspended in 50 mM Tris-
HCl buffer and a total lipid extract was prepared (23). After
separating the phospholipids by a Sep-Pack® procedure (24),
transmethylation was carried out (25). FAME analyses were
performed using a gas chromatograph (Shimadzu, model
GC14B) equipped with a SUPELCOWAX (Supelco, Belle-
fonte, PA) glass capillary column (60 m × 0.25 mm, film thick-
ness of the bonded phase 0.25 µm). Injector and detector tem-
peratures were 250°C. The column starting temperature of
130°C was gradually increased to 245°C at a rate of 2.5°C/min
for 10 min. The carrier gas (H2) pressure was set at 240 kPa
with a flow rate of 2 mL/min. A standard FAME mixture was
used to identify the FAME by their retention times (Sigma, St.
Louis, MO). Nonconventional FA (20:3n-9, 22:3n-9, 22:4n-6,
22:5n-6) were previously authenticated in lipid extracts from
EFAD rats (26). FA data are presented as mean ± SD. Statisti-
cal comparisons used ANOVA, with the differences being con-
sidered significant when P ≤ 0.05.

RESULTS

Body weight and 24-h SI, FI, urine excretion, and Na+ and K+

excretions in awake, unrestrained, growing and young adult
rats fed an EFAC or EFAD diet after weaning. Body weights
were similar for the two groups from weeks 1 to 4 on both diets,
but from week 5 on, the bw of the EFAD group were lower
(Fig. 1A), in spite of having SI similar to the EFAC group and
regardless of having a higher SI than the EFAC group at week
8 (Fig. 1B). The FI was similar between the groups at all weeks
(Fig. 1C) except for an episodic increase at week 6 in the EFAD
group (9.1 ± 0.7 vs. 12.7 ± 1.0 mL/100 g/24 h, EFAC vs.
EFAD; P < 0.05, n = 12 for both) that was not reflected in urine
excretion (4.3 ± 0.8 vs. 6.7 ± 1.0 mL/100 g/24 h, EFAC vs.
EFAD; n = 12 for both). V was not different in either group
across all the study weeks (Fig. 1D). Urinary Na+ (Fig. 1E) and
K+ (Fig. 1F) excretions were similar for both groups at weeks
5, 6, 8, and 9, but increased in the EFAD group at week 7.

Renal GFR and PTF studies for 3 h in awake, unrestrained
young adult rats fed an EFAC or EFAD diet for 9 wk after wean-
ing. The final hematocrit (49.00 ± 2.10 vs. 48.50 ± 2.20%, n =
10 vs. 9, EFAC vs. EFAD) and final plasma [Cr] (4.6 ± 0.2 × 10−
2 vs. 4.9 ± 0.1 × 10−2 mg/mL), [K+] (5.96 ± 0.20 vs. 5.35 ± 0.47
µeq/mL), [Li+] (0.38 ± 0.02 vs. 0.37 ± 0.04 µeq/mL), and [Na+]
(140.30 ± 1.30 vs. 139.70 ± 1.14 µeq/mL) were similar for both
groups at week 9 on the diets. V did not differ between the
groups, but CCr and CLi+ (Table 2) were lower in the EFAD
group, whose Na+ (0.42 ± 0.08 vs. 0.48 ± 0.08 µL/min/100 g,
EFAC vs. EFAD) and K+ (23.89 ± 4.44 vs. 17.94 ± 2.11
µL/min/100 g, EFAC vs. EFAD) clearances were not different
from the EFAC. Li+ excretion decreased in the EFAD, whereas
Na+ and K+ excretions did not differ from those of the EFAC
group (Table 2). FrPNa+R increased in the EFAD rats, whereas
the DNa+D and the FrDNa+R-I and -II decreased (Table 2).

Renal structural and histochemical studies at growth and in
the young adult. Renal structure, assessed by hematoxylin-
eosin staining, was normal and similar for both groups during
all weeks under study. The parenchyma/framework relation,
assessed by Gomori’s trichromic staining, was maintained in
the cortex and medulla for both groups, from week 4 until week
9 on either diet. In the EFAD group, a more prominent and
heavier PAS-stained proximal tubule brush border was found
in all specimens from weeks 4 to 9.

Phospholipid FA compositions in the renal cortex and
medulla from EFAC and EFAD rats. In decreasing order, ara-
chidonic (20:4n-6), stearic (18:0), and palmitic (16:0) acids
were the main renal cortical and medullary FA for both groups
(Table 3). Comparisons between the two groups revealed that
the phospholipid FA distribution had been modified by the
EFAD diet: FA of the n-7 and n-9 families were higher in the
cortex and medulla; cortical and medullary n-6 FA levels were
dramatically lower, mainly for 18:2n-6, 20:3n-6, and 22:4n-6;
and AA levels were maintained in the medulla but decreased in
the cortex (Table 3). The latter observation should be consid-
ered together with the greater decline of 22:4n-6 from the
medulla to the cortex (−1.04 vs. –0.51%, respectively). The
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paradoxically higher medullary level of 22:5n-6 and the lower
ratio of 22:6n-3/22:5n-6 in EFAD rats indicates a tendency to-
ward an n-3 FA deficiency (27), confirmed by the lower
medullary 20:5n-3 levels.

DISCUSSION

All animals were kept under similar conditions after weaning,
except for the dietary FA. They were adapted to the IMC, re-
maining there only for the study hours to avoid chronic social
isolation, with the associated psychosocial stress and the

chronic, adrenal-dependent elevation of BP seen in otherwise
normotensive rats (17). The EFAD diet altered the FA distribu-
tion of the phospholipid FA in the two main renal regions. The
FA profiles shifted to an EFAD pattern, shown by significantly
higher sums of either the n-7 or n-9 FA families. Particularly
16:1n-7 and 20:3n-9, which are good indices of EFAD (27),
were drastically affected (Table 3). AA was found to be pre-
served in the kidney cortex of animals on an EFAD diet (7).
AA levels were maintained in the renal medulla but showed a
decrease in the renal cortex in the EFAD rats (Table 3). How-
ever, these apparently conflicting results could be attributed to
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FIG. 1. Weekly effects of EFA control (EFAC) or deficient (EFAD) diet for 9 wk from weaning on awake, unrestrained rats. (A) Body weight; (B) 24-h ingestion
of solids; (C) 24-h fluid intake; (D) 24-h diuresis; (E) 24-h urinary sodium excretion; (F) 24-h urinary potassium excretion. *P ≤ 0.05.



the different deficiency inductions. The 22:4n-6 is involved in
maintaining AA homeostasis by retroconversion to 20:4n-6
(28), and levels in the medulla were about twice that in the cor-
tex. The finding that medullary mobilization was twofold that
of the cortex (a change of −1.02 vs. −0.51%, respectively) con-
firmed the role of 22:4n-6. The increase in 22:5n-6 levels in
EFAD rats is paradoxical since these animals lack 18:2n-6
(Table 3), but this finding has been reported previously as a re-
sponse to n-3 FA deficiency (29). The n-3 FA deficiency was
reproduced in our experiments: The 20:5n-3 levels were lower
in the EFAD rats and there was also a decrease in the 22:6n-
3/22:5n-6 ratio. Although rats from both groups showed a pro-
gressive and similar weight gain from weeks 4 to 7 of life
(weeks 0 to 4 on the diets), the EFAD rats gained less weight
from week 8 until adulthood (Fig. 1A), thus replicating the re-

sults from other studies (15,18,30). Food ingestion for the
EFAD group was similar to that of the EFAC group up to week
7, but increased at week 8 (Fig. 1B), pointing to factors other
than decreased food consumption for their lower growth rate.
Accordingly, a greater metabolic energy requirement has been
used to explain the growth retardation in EFAD rats, mainly
due to thermogenesis secondary to transdermal water loss (30).
If this had been the case in the present study, however, an in-
creased FI would have been seen with the EFAD rats. More-
over, the similarity in FI and excretion between the two groups
of rats points to their ability to maintain their respective water
balances (10,11). Na+ and K+ 24-h excretions were also similar
between the groups at all weeks, except for an episodic increase
for both ions in EFAD rats at week 7, which returned to normal
at week 8 (Figs. 1E, 1F). Usually, the Na+ excretion reflects in-
gestion (10,11); thus, the results indicate the Na+ balance was
maintained in the EFAD rats. The similarity between blood and
plasma values shows the same physical condition for the EFAC
and EFAD rats. CCr has been used to measure GFR in the
awake state, including in humans (19–21). The EFAC values
of CCr (385.7 ± 33.4 µL/min/100 g) are in agreement with other
control studies: 275 ± 30 µL/min/100 g (19) and 306.7 ± 9.3
µL/min/100 g (29). The EFAD had a 27.4% decrease in CCr
(Table 2), a result similar to anesthetized rats at the same age
with a slightly different deficiency induction (15). The GFR
decrement could be due to various factors, including eicosa-
noids (4), but such a study is beyond the scope of this paper.

The proximal tubule is the main nephron segment involved
in NaCl and water reabsorption (10). CLi+ is an accepted indi-
rect method for measuring PTF, with antidiuretic hormone in-
hibition, and it has been particularly useful in renal function
studies on the awake state (19–21,31). The CLi+ decrement
(Table 2) in the EFAD group could be due to the 27.4% less
fluid provided for reabsorption by the lower GFR or to an en-
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TABLE 3
Effect of an EFAD Diet on the Relative FA Composition (% of total FA) of Phospholipids from the Renal Medulla
and Cortex (mean ± SD)a

Renal medulla Renal cortex

FA Control EFAD Control EFAD

16:0 17.5 ± 0.39 16.24 ± 0.14* 18.64 ± 0.52 16.88 ± 0.20**
16:1n-9 0.19 ± 0.02 0.46 ± 0.02** 0.15 ± 0.01 0.49 ± 0.02**
16:1n-7 0.70 ± 0.06 2.01 ± 0.08** 0.53 ± 0.02 1.93 ± 0.04**
18:0 19.19 ± 0.97 17.53 ± 0.54 20.79 ± 0.79 21.12 ± 1.88
18:1n-9 8.07 ± 0.59 9.68 ± 0.42* 5.93 ± 0.50 8.29 ± 0.37**
18:1n-7 2.89 ± 0.15 3.51 ± 0.06** 2.25 ± 0.07 3.30 ± 0.12**
18:2n-6 8.44 ± 0.42 5.21 ± 0.37** 8.72 ± 0.27 5.65 ± 0.29**
20:3n-9 ND 2.50 ± 0.15** ND 2.76 ± 0.18**
20:3n-6 0.78 ± 0.04 0.38 ± 0.05** 0.74 ± 0.05 0.50 ± 0.05**
20:4n-6 27.86 ± 1.56 28.28 ± 0.41 29.33 ± 0.17 25.54 ± 1.01*
20:5n-3 0.18 ± 0.02 0.08 ± 0.03** 0.14 ± 0.02 0.11 ± 0.02
22:4n-6 1.46 ± 0.06 0.42 ± 0.03** 0.83 ± 0.01 0.32 ± 0.03**
22:5n-6 0.55 ± 0.02 0.84 ± 0.01** 0.69 ± 0.03 0.85 ± 0.05*
22:6n-3 0.72 ± 0.02 0.83 ± 0.02 0.92 ± 0.04 0.81 ± 0.05
Σn-9 10.31 ± 0.77 13.57 ± 0.51** 7.76 ± 0.80 12.46 ± 0.75**
Σn-7 3.59 ± 0.14 5.52 ± 0.27** 2.78 ± 0.70 5.23 ± 0.35**
22:6n-3/22:5n-6 1.26 ± 0.13 0.98 ± 0.07* 1.36 ± 0.10 0.95 ± 0.02**
aND, not present in detectable amounts; *P ≤ 0.05; **P ≤ 0.01. For abbreviations see Table 1.

TABLE 2
Urine Volume (V); Creatinine, Li+, Na+, and K+ Clearances (CCr, CLi+,
CNa+, and CK+); Li+, Na+, and K+ Excretions (ULi+V, UNa+V, and UK+V);
Fractional Proximal Na+ Reabsorption (FrPNa+R,); Distal Na+ Delivery
(DNa+D); and Fractional Distal Na+ Reabsorptions-I and -II (FrDNa+R-I
and -II) on Awake, Unrestrained Adult Rats Fed an EFAC or EFAD
Diet for 9 wk from Weaninga

Parameter EFAC (n = 10) EFAD (n = 9)

V (µL/min/100 g) 14.43 ± 1.15 12.11 ± 0.66
CCr (µL/min/100 g) 385.69 ± 33.39 280.10* ± 21.15
CLi+ (µL/min/100 g) 20.97 ± 2.09 9.16* ± 1.12
CNa+ (µL/min/100 g) 0.42 ± 0.08 0.48 ± 0.08
CK+ (µL/min/100 g) 23.89 ± 4.44 7.94 ± 2.11
ULi+V (µeq/min/100 g) 0.78 ± 0.06 × 10−2 0.32* ± 0.03 × 10−2

UNa+V (µeq/min/100 g) 5.99 ± 1.12 × 10−2 6.68 ± 1.07 × 10−2

UK+V (µeq/min/100 g) 14.11 ± 2.59 × 10−2 9.21 ± 0.98 × 10−2

FrPNa+R (%) 94.40 ± 0.56 96.65* ± 0.39
DNa+D (µeq/min/100 g) 2.95 ± 0.31 1.28* ± 0.16
FrDNa+R-I (%) 98.05 ± 0.25 93.89* ± 1.35
FrDNa+R-II (%) 5.49 ± 0.55 3.19* ± 0.40
an = number of experiments; *P ≤ 0.05. For other abbreviations see Table 1.



hanced proximal tubular reabsorption, and even to a combina-
tion of both. The EFAD group’s CLi+ decrement of 56.3%
strongly suggests addition of effects. The decreased Li+ excre-
tion, due to increased reabsorption, gives further support to this
hypothesis. In spite of the GFR decrement in the EFAD group,

the Na+ and K+ 3-h excretions did not differ between the two
groups. Normally, the GFR decrement results in diminished
water and electrolyte excretion (11). Assuming an enhanced
proximal tubular reabsorption in the EFAD group, we would
expect a lower excretion, but the nephron segments beyond the
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FIG. 2. Micrographs of rat kidney cortical regions from week 4 to week 6 on EFAC or EFAD diets from weaning. Note the proximal convoluted tubule and
more prominent and heavily periodic acid–Schiff (PAS)-stained brush border (B) in EFAD rats and nonprominent and normally stained brush border in EFAC
rats. (A) EFAC, week 4; (B) EFAC, week 5; (C) EFAC, week 6; (D) EFAD, week 4; (E) EFAD, week 5; (F) EFAD, week 6. Obj. 40×, periodic acid–Schiff (PAS) re-
action. For other abbreviations see Figure 1.
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Henle loop are capable of compensating by reabsorbing less
and excreting normal amounts of water and electrolytes to
maintain the body balance (10), as also occurred with the
EFAD group.

Tubulo-glomerular feedback (11), is capable of being dis-
rupted, i.e., through decreased GFR with increased tubular func-

tion and vice versa. The first case occurs in diminished effective
circulatory volume and/or Na+ depletion (10). The brush border
was more prominent, occupying a larger area and consequently
resulting in an increased proximal tubular reabsorption, possibly
in a homeostatic maneuver to confront the chronic GFR decre-
ment. The FrPNa+R was related to the filtered load and to the
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FIG. 3. Micrographs of kidney cortical regions from week 7 to week 9 of rats on EFAC or EFAD diets from weaning. Note the proximal convoluted tribute and more
prominent and heavily PAS-stained brush border (B) in EFAD rats and nonprominent and normally stained brush border in EFAC rats. (A) EFAC, week 7; (B) EFAC,
week 8; (C) EFAC, week 9; (D) EFAD, week 7; (E) EFAD, week 8; (F) EFAD, week 9. Obj. 40×, PAS reaction. For abbreviations see Figures 1 and 2.

A D

B E

C F



DNa+D, respectively, and was directly dependent on the de-
creased CCr and CLi+ of the EFAD group. The lower DNa+D was
probably due to the CLi+ decrement in the EFAD rats. The
FrDNa+R-I and -II were both related to the lower DNa+D of the
EFAD group.

Unlike the structural renal findings in rats on a fat-free diet
(13), this study was unable to detect differences in kidney struc-
ture between the EFAC and EFAD by hematoxylin-eosin and
Gomori’s trichromic staining. This divergence in results could
be due to the relatively different protocols: older vs. younger
rats; diets differing in lipid quality and quantity, and also in pro-
tein content. The more prominent and heavier PAS-stained
brush border found in EFAD rats could be due to increased
amounts of glycides, which specifically react with PAS (Figs. 2,
3), but the heavier staining at the glycocalyx could also be at the
glycolipid site. Another possibility is cell elaboration of more
microvilli to increase the absorptive surface area of the cell, al-
though the distal MDCK EFAD cell findings cannot be totally
applied to the proximal cell (16). The histochemical data not
only provide further support for the hypothesis of chronically
enhanced proximal tubular reabsorption in the EFAD rats but
also shed some light on the etiology of proximal tubular reab-
sorption. Interestingly, the maintainance of AA levels in the
EFAD renal medulla and their decrement in the cortex provided
an opportunity to consider the renal function data under condi-
tions in which the renal potency of eicosanoid synthesis had
been maintained in the medulla but not in the cortex. Indeed,
some parameters were related exclusively to the renal cortex:
The glomerular filtration rate and the proximal tubular function,
measured by CCr and CLi+, respectively, were depressed,
whereas Na+ and K+ clearances and excretions (the last at either
24 or 3 h, which also have medullary renal transport) were not.

The dietary intake of adequate amounts of EFA and their
subsequent efficient intestinal absorption are necessary for
good health from the beginning of life as an embryo. The kid-
ney is one of the systems involved in maintaining homeostasis
by controlling the volume and the constitution of the body.
Therefore, any disturbances resulting in EFA deficiency could
cause impaired kidney function. An EFAD diet not only slowed
the growth rate, but also decreased the glomerular function, in-
creased proximal tubular function, altered renal structure and
histochemistry, and modified the cortical and medullary FA
composition in the kidneys of awake, unrestrained, growing
young adult rats.
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ABSTRACT: Parathyroid hormone (PTH) and phorbol-12,13-
dibutyrate (PDBu) stimulate phospholipase D (PLD) activity and
PC hydrolysis in UMR-106 osteoblastic cells {Singh, A.T., Kun-
nel, J.G., Strieleman, P.J., and Stern, P.H. (1999) Parathyroid Hor-
mone (PTH)-(1–34), [Nle8,18,Tyr34]PTH-(3–34) Amide, PTH-
(1–31) Amide, and PTH-Related Peptide-(1–34) Stimulate Phos-
phatidylcholine Hydrolysis in UMR-106 Osteoblastic Cells:
Comparison with Effects of Phorbol 12,13-Dibutyrate, En-
docrinology 140, 131–137}. The current studies were designed
to determine whether ethanolamine-containing phospholipids,
and specifically PE, could also be substrates. In cells labeled with
14C-ethanolamine, PTH and PDBu treatment decreased 14C-PE.
In cells co-labeled with 3H-choline and 14C-ethanolamine, PTH
and PDBu treatment increased both 3H-choline and 14C-
ethanolamine release from the cells. Choline and ethanolamine
phospholipid hydrolysis was increased within 5 min, and re-
sponses were sustained for at least 60 min. Maximal effects were
obtained with 10 nM PTH and 50 nM PDBu. Dominant negative
PLD1 and PLD2 constructs inhibited the effects of PTH on the
phospholipid hydrolysis. The results suggest that both PC and PE
are substrates for phospholipase D in UMR-106 osteoblastic cells
and could therefore be sources of phospholipid hydrolysis prod-
ucts for downstream signaling in osteoblasts.

Paper no. L9504 in Lipids 40, 1135–1140 (November 2005).

Phospholipase D (PLD) is activated by a number of extracellular
signaling factors including growth factors, neurotransmitters,
and hormones (1,2). PLD-mediated phospholipid hydrolysis
modulates membrane composition and produces second messen-
ger molecules (3). It plays a key role in cellular signaling
processes leading to cytoskeletal organization, vesicle traffick-
ing, and cell proliferation and differentiation. Previously, we
demonstrated that parathyroid hormone (PTH) stimulates PC
breakdown and PLD activity, as assessed by transphosphatidyla-
tion, in UMR-106 osteoblastic cells (4). We have also shown that
calcium, mitogen-activated protein kinase (MAPK), small G
proteins, and Gα12/Gα13 heterotrimeric G proteins are involved

in regulation of the PTH-stimulated PLD activity (5,6). In the
latter studies, transphosphatidylation of ethanol, a process di-
rectly mediated by PLD, was used as an indicator of PLD activ-
ity. Comparisons between results of experiments in which either
PC hydrolysis or transphosphatidylation was assayed revealed
that the PTH- or phorbol-12,13-dibutyrate (PDBu)-stimulated
effects, as measured by transphosphatidylation, were greater than
those from PC hydrolysis. These data suggested that additional
phospholipid species might be involved in the actions of PTH
and PDBu. PE is another major phospholipid component of bio-
logical membranes. Kiss and Anderson (7) have shown that
phorbol ester stimulates PE hydrolysis in leukemic HL-60, NIH
3T3, and BHK-21 cells. Nakamura et al. (8) determined that both
PC and PE are substrates for PLD activity in bovine kidney.
However, in other studies, PLD1 and PLD2 showed little (9) or
no (10) activity on PE. An N-acylPE-hydrolyzing PLD also has
been identified in mammalian cells (11,12). To address the ques-
tion of whether ethanolamine-containing phospholipids, and
specifically PE, could be hydrolyzed in addition to PC in re-
sponse to PTH or PDBu in UMR-106 cells, we determined the
effects of PTH and PDBu on hydrolysis of PE as well as hydrol-
ysis of PC in dual-labeled UMR-106 cells.

EXPERIMENTAL PROCEDURES

Materials. UMR-106 osteoblastic cells were purchased from
American Type Culture Collection (Manassas, VA). PTH was
from Bachem (Torrance, CA). PDBu was from Sigma Chemi-
cal Co. (St. Louis, MO). [Methyl-3H]choline chloride was from
Amersham (Arlington Heights, IL), and [2-14C]ethan-1-ol-2-
amine hydrochloride was from Amersham Biosciences (Pis-
cataway, NJ). Dominant negative PLD constructs were gener-
ated as previously described (13).

Cells. UMR-106 osteoblastic cells were cultured to conflu-
ence in DMEM with 15% heat-inactivated horse serum and
100 U/mL K-penicillin G at 37°C in a 5% CO2 environment.
Cells from passages 16–18 were used. For experiments, cells
were then seeded at 500,000 cells per well in sterile 6-well
plates and allowed to attach for 24 h.

PC or PE hydrolysis. To assess PC or PE hydrolysis, UMR-
106 cells were incubated for 48 h with [methyl-3H]choline chlo-
ride (0.25 µCi/mL) and [2-14C]ethanolamine hydrochloride (0.1
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µCi/mL). Radioactivity in PC and PE reached a plateau by this
time point. After the labeling, cells were washed with DMEM
and then incubated in 2 mL serum-free DMEM containing 20
mM HEPES buffer and 0.1% BSA in the absence or presence of
either PTH or PDBu. Following incubation at the indicated times
and concentrations, media were quickly removed, and radioac-
tivity in the media was determined by dual channel scintillation
spectrometry.

To determine the specificity of the incorporation of the
choline and ethanolamine labels, 3H and 14C were determined
in both the choline and ethanolamine released into the medium.
A 20 µL aliquot of the medium was spotted on a TLC plate.
Choline and ethanolamine were separated using 0.5%
NaCl/CH3OH/NH4OH (50:50:5) and visualized by exposing
the plate to iodine. The plates were autoradiographed for 2 wk
at –80°C. The choline (Rf = 0.14) and ethanolamine (Rf = 0.5)
bands were scraped and counted by liquid scintillation.

To determine whether PE was affected by the treatments, cells
were labeled with 14C-ethanolamine, treated with PTH or PDBu
for 60 min, and then scraped into ice-cold methanol. The lipids
were then extracted. The organic phase was dried under N2, re-
equilibrated in 100 µL CHCl3/CH3OH (9:1), and 50 µL was
spotted on a TLC plate. PE (Rf = 0.54) was separated using
CHCl3/CH3OH/NH4OH (65:25:5) as the running solvent. Sam-
ples were spiked with a PE standard (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine; Avanti Polar Lipids, Alabaster,
AL). The PE standard was visualized with iodine and radioactiv-
ity in the band determined.

Transfection. 0.5 µg each of pcDNA3 (parental vector), dn
PLD1 or dn PLD2 were precomplexed with Lipofectamine
Plus® reagent (Life Technologies, Rockville, MD) in OPTI-
MEM (Gibco BRL, Gaithersburg, MD) in the absence of an-

tibiotics and serum. Cells were incubated with the constructs
for 3 h at 37°C in a 5% CO2 atmosphere, after which 1 mL of
OPTI-MEM medium containing 5% FBS and 1% penicillin/
streptomycin was added to each of the culture dishes.
Medium was changed after 6 h, and incubation continued
until 48 h.

Transphosphatidylation. Cells were labeled with [14C]-
palmitic acid (0.25 µCi/mL) for the final 24 h of the incubation
with the constructs described above. Cells were washed and
then treated with PTH for 30 min in DMEM containing 20 mM
HEPES, 0.1% BSA, and 1% absolute ethanol. To terminate the
reaction, media were quickly removed, and 1 mL ice-cold
methanol was added to cells. Cells were scraped into chloro-
form and lipids extracted using the method of Folch et al. (14).
The extract containing lipids was dried under nitrogen, lipids
were re-equilibrated in 100 µL CHCl3/CH3OH (9:1), of which
50 µL was spotted on a TLC plate, and a 10-µL aliquot was
used to determine total lipid radioactivity. Phosphatidylethanol
(Rf = 0.57) was separated from the total lipid fraction by TLC
using CHCl3/CH3OH/CH3COOH (70:10:2) as the running sol-
vent. A 1,2-dipalmitoyl-sn-glycero-3-phosphoethanol standard
was run concurrently. Lipids were visualized by exposure to
iodine vapor. For autoradiography, TLC plates were incubated
at –70°C for 72 h. The phosphatidylethanol bands were
scraped, and radioactivity was determined by liquid scintilla-
tion counting. The 14C radioactivity recovered in phos-
phatidylethanol at the end of the treatments was expressed as
the percentage of total 14C lipid radioactivity.

Statistics. The graphs in this paper display data from single
experiments. For each experiment, unless otherwise indicated
in the figure legend, each single treatment was repeated in three
separate wells, and the means ± SE of the responses to the treat-
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FIG. 1. Parathyroid hormone (PTH: 10 nM) and phorbol-12,13-dibutyrate (PDBu: 500 nM) stimulate the production
of labeled ethanolamine (A) and choline (D) from 14C-ethanolamine-labeled (A, B) and 3H-choline-labeled (C,D)
phospholipids in UMR-106 osteoblastic cells. Incubation time was 60 min. Results are mean ± SE of triplicate de-
terminations for each treatment. **P < 0.01, ***0.001 vs. respective controls.



ments were calculated. Statistical significance was determined
by one-way ANOVA and Tukey post-test (15).

RESULTS AND DISCUSSION

To determine whether both PC and ethanolamine-containing
phospholipids were serving as substrates for PLD activity stim-
ulated by the agonists, UMR-106 cells were dual-labeled with
[methyl-3H]choline chloride and [2-14C]ethanolamine hydro-
chloride, and phospholipid hydrolysis was assessed as de-
scribed in the Experimental Procedures section. In an experi-
ment designed to test this (Fig. 1), media from the incubations
were chromatographed to determine whether any of the 3H-
choline label appeared in the ethanolamine and, conversely,
whether any of the 14C-ethanolamine label appeared in the
choline. Treating the cells with PTH (10 nM) or PDBu (500
nM) increased medium 14C-ethanolamine (Fig. 1A) and 3H-
choline (Fig. 1D). The labeling was selective, in that there was
no significant 3H label in the ethanolamine fraction (Fig. 1B)
and no significant 14C label in the choline fraction (Fig. 1C).
For subsequent experiments, media were not fractionated, and
14C and 3H were used as indicators of ethanolamine-containing
phospholipids and PC hydrolysis, respectively.

To determine whether PE was hydrolyzed in response to
treatment with PTH (10 nM) or PDBu (500 nM), 14C-
ethanolamine-labeled lipids were separated by TLC as de-
scribed in the Experimental Procedures section. Treatment for
60 min with either agonist resulted in a significant decrease in
radioactive PE (Fig. 2).

To confirm that the effects on lipid hydrolysis were mediated
through PLD, cells were transfected with catalytically inactive
constructs of PLD1 or PLD2 that previously have been used suc-
cessfully as putative dominant negatives (16–18). Both PLD1
and PLD2 constructs were used, since both isoforms are present
in the UMR-106 cells (5). pcDNA3 served as a control for trans-
fection. Effects of PTH were then determined. Initial experi-
ments were carried out to confirm that the constructs inhibited
PTH-stimulated transphosphatidylation. Data from a representa-

tive experiment are shown (Fig. 3A). The constructs inhibited
PTH-stimulated hydrolysis of ethanolamine-containing phos-
pholipids (Fig. 3B) and PC (Fig. 3C), indicating that the effects
on phospholipid hydrolysis were mediated through PLD.
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FIG. 2. PTH (10 nM) and PDBu (500 nM) decrease 14C-PE in UMR-106
cells. Incubation time was 60 min. Results are the mean ± SE of tripli-
cate determinations for each treatment. **P < 0.01 vs. respective con-
trols. For abbreviations see Figure 1.

FIG. 3. Dominant negative phospholipase D1 and D2 constructs (gen-
erated as described in Ref. 13) inhibit PTH-stimulated transphosphatidy-
lation (A) and hydrolysis of ethanolamine-containing phospholipids (B)
and PC (C) in UMR-106 cells. Incubation time was 30 min. Results in
panel A are the mean ± SE of duplicate measurements for each treat-
ment. Results in panels B and C are the mean ± SE of triplicate determi-
nations for each treatment. ***P < 0.001 vs. pcDNA3; +++P < 0.001 vs.
PTH. For abbreviation see Figure 1.
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FIG. 4. Time course of 10 nM PTH- (A,B) or 500 nM PDBu- (C,D) stimulated release of ra-
dioactive hydrolysis products from UMR-106 cells dual-labeled with 14C-ethanolamine and
3H-choline. Results are mean ± SE of triplicate determinations for each treatment. *P < 0.05,
**P < 0.01, ***P < 0.001 vs. respective controls. For abbreviations see Figure 1.

FIG. 5. Dose response of PTH (A,B) or PDBu (C,D) effects on the release of radioactive hydrol-
ysis products from UMR-106 cells dual-labeled with 14C-ethanolamine and 3H-choline. Incu-
bation time was 30 min. Results are mean ± SE of triplicate determinations for each treatment.
*P < 0.05, **P < 0.01, ***P < 0.001 vs. respective controls. The ratio of 14C to 3H radioactiv-
ity, which was unaffected by the stimulators, is presented in panel E.



In time course experiments, 10 nM PTH (Fig. 4A,B) and 500
nM PDBu (Fig. 4C,D) elicited significant increases in 14C and
3H radioactivity at time points as early as 5 min. Responses in-
creased progressively and were sustained for up to 60 min. In
dose-response experiments at the 30-min time point (Fig. 5), ef-
fects of PTH on 14C release were maximal at 10 nM and re-
mained elevated at 100 nM (Fig. 5A). PTH (1–100 nM) elicited
a biphasic effect on 3H release, with significant effects at 10 but
not 100 nM (Fig. 5B). PDBu (5–500 nM) (Fig. 5C,D) elicited
dose-dependent increases, with significant stimulation of phos-
pholipid hydrolysis obtained with 50 nM PDBu and no further
increase with 500 nM. These dose-related effects of PTH and
PDBu were replicated in other experiments. The ratios of 14C to
3H were not significantly different in control and treated groups
(Fig. 5E), indicating that the treatments did not affect the relative
rates of 3H-choline and 14C-ethanolamine release.

In view of the emerging role of PLD in signal transduction,
it is important to identify the phospholipid pools that can serve
as substrates. A number of investigators have reported the hy-
drolysis of PC by PLD (19). Although this pathway is well es-
tablished, it is now clear that PE is also a potential source of
signaling molecules in cells stimulated with phorbol esters and
agonists (20). Activation of PLD in NIH3T3 fibroblasts by
phorbol ester (21), ATP or GTP (22), hormones (23), and ox-
idative stimuli (24) had been shown to correlate with hydroly-
sis of PE. The present results, in particular the observation that
dominant negative alleles of PLD1 and PLD2 block agonist-
stimulated PE hydrolysis, suggest that PE is a direct target for
hydrolysis by PLD in response to PTH in UMR-106 cells.
PLD1 had been shown previously to hydrolyze PE in vitro with
limited efficiency in comparison with PC (9); this is the first
study, however, that links PLD1 and PLD2 action in vivo with
PE hydrolysis. PE and PC are differently distributed within the
plasma membrane, with PE being more predominant in the
inner leaflet (25). This differential distribution could result in
distinct functions being mediated by PC and PE hydrolysis.

In summary, PTH and PDBu stimulated PLD-dependent
generation of 3H-choline and 14C-ethanolamine in UMR-106
cells. Effects on phospholipid hydrolysis were time- and dose-
dependent. The findings are likely to be relevant to PTH effects
in osteoblastic cells. Phospholipid hydrolysis generates the sig-
naling molecules PA and DAG, and our previous studies have
shown that both of these are increased in response to PTH (26).
The current results suggest that PE, in addition to PC, may
serve as a phospholipid source of these mediators of down-
stream signaling in UMR-106 osteoblastic cells
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ABSTRACT: Glucagon-like peptide-2 (GLP-2) enhances intesti-
nal growth and absorption in mature animals, and glucocortico-
steroids (GC) increase the sugar and lipid uptake in adult animals.
However, the role of GC and GLP-2 in the ontogeny of lipid ab-
sorption is unknown. We hypothesized that GLP-2 and the GC
dexamethasone (DEX), when administrated to rat dams during
pregnancy and lactation, would enhance lipid uptake in the off-
spring. Rat dams were treated in the last 10 d of pregnancy and
during lactation with GLP-2 [0.1 µg/g/d subcutaneous (sc)], DEX
(0.128 µg/g/d sc), GLP-2 + DEX, or a placebo. Sucklings were sac-
rificed at 19–21 d of age, and weanlings were sacrificed 4 wk
later. Lipid uptake was assessed using an in vitro ring uptake
method. Although DEX and GLP-2 + DEX increased the jejunal
mass, the jejunal lipid uptake was unchanged. In contrast,
GLP-2, DEX, and GLP-2 + DEX reduced the ileal lipid uptake in
suckling and weanling rats. This reduction was not due to alter-
ations in intestinal morphology or to changes in fatty acid-bind-
ing protein abundance, but it was partially explained by an in-
crease in the effective resistance of the intestinal unstirred water
layer. In sucklings, DEX dramatically reduced the jejunal lipid
uptake to levels similar to those seen in weanlings, such that the
normal ontogenic decline in lipid uptake was not observed. Giv-
ing dams GLP-2 or DEX during pregnancy and lactation reduced
lipid uptake in the offspring, and this persisted for at least 1 mon.
The impact this may have on the nutritional well-being of the an-
imal in later life is unknown.

Paper no. L9663 in Lipids 40, 1141–1148 (November 2005).

The ontogeny of the intestinal tract includes all the events in-
volved in the development and maturation of the gut. This com-
plex process involves morphological maturation with the tran-
sition from the endodermal tube to the villous-crypt architec-
ture and functional maturation of the digestive and absorptive
functions, as well as the barrier properties of the mucosa (1–3).
The digestive functions exhibit age-dependent alterations in the
absorption of nutrients during the suckling and weanling pe-
riod (4). These variations are due to alterations of abundance
and/or activities of the transporters and digestive enzymes, as

well as to changes in the permeability of the brush border mem-
brane (BBM) (2,4–6).

Intestinal lipid uptake involves both passive diffusion and
protein-mediated transport (7). The uptake of lipids is higher in
suckling rats than in adult rats, possibly because of their in-
creased BBM permeability as well as the more efficient metab-
olism of fat (8,9). The ontogeny of lipid absorption has not
been studied extensively. Glucagon-like peptide-2 (GLP-2) en-
hances the absorption of sugars in adult animals (10–12), but
whether this peptide influences the intestinal absorption of
lipids is not known. In adult rats, glucocorticosteroids (GC) in-
crease the uptake of both sugars and lipids (13–15). GC may
need to be given to pregnant and lactating mothers for health
reasons, and it is not known whether this affects lipid absorp-
tion in their offspring, whether any possible effect continues in
the offspring after GC are discontinued, or whether the effects
of GC can be modified if the dams are given GLP-2. Accord-
ingly, this study was undertaken to determine (i) the influence
of GLP-2, dexamethasone (DEX), and GLP-2 + DEX, when
administered to pregnant and lactating rat dams, on the intesti-
nal in vitro uptake of FA and cholesterol in their suckling off-
spring; (ii) whether alterations in the uptake of lipids are due to
variations in the intestinal morphology or mass, or to changes
in selected lipid-binding proteins in the cytosol of the entero-
cytes; and (iii) whether these changes persist a month later in
postweaning animals.

MATERIALS AND METHODS

Animals. The principles for the care and use of laboratory ani-
mals observed in the conduct of this study were approved by
the Canadian Council on Animal Care and by the Council of
the American Physiological Society. All experiments were ap-
proved by the Animal Ethics Board, University of Alberta.
Eight 1-wk-old pregnant Sprague Dawley rats were obtained
from Bio Science Animal Services, University of Alberta. The
dams were randomized into four groups and received treatment
with GLP-2, DEX, GLP-2 + DEX, or a placebo. Treatment was
started 10 d before delivery and was continued until the ani-
mals were 19–21 d of age. DEX was administered in a dose of
0.128 µg/g body weight/d subcutaneously (sc) once per day at
7:00 PM. GLP-2 was administered in a dose of 0.1 µg/g body
weight/d sc twice per day at 7:00 AM and 7:00 PM. The regi-
men used for the DEX + GLP-2 group was DEX 0.128 µg/g
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body weight/d sc once per day at 7:00 PM plus GLP-2 0.1 µg/g
body weight/d sc twice per day at 7:00 AM and 7:00 PM. The
placebo group received 0.9% saline sc in a volume equal to the
volume of GLP-2 administered daily per rat (depending on the
weight of the dams, the volume ranged from 0.32 to 0.46 mL),
twice per day at 7:00 AM and 7:00 PM.

After delivery, the offspring were downsized to 12 pups and
were housed with their dams; there were 2 dams and 24 pups
in each group. At weaning, 8 offspring per group (“sucklings”)
were sacrificed for the uptake studies and 8 per group were sac-
rificed for morphological analysis and immunohistochemistry
(Fig. 1). The remaining postweaning animals (“weanlings”)
were sacrificed for uptake studies at 7 wk of age.

The animals were housed at a temperature of 21°C and each
day were exposed to 12 h of light and 12 h of darkness. During
the suckling period, the offspring received only the dam’s milk.
The weanlings were housed in pairs, and water and food were
supplied ad libitum. The dams and the weanlings were fed a
standard rat chow (PMI #5001; Nutrition International LLC,
Brentwood, MO). The diets were nutritionally adequate, pro-
viding for all known essential nutrient requirements. Body
weights were recorded at the time of weaning and then weekly
for the next 4 wk.

Uptake studies. (i) Probe and marker compounds. The
[14C]-labeled probes included cholesterol (0.05 mM) and six
FA (0.1 mM): lauric acid (12:0), palmitic acid (16:0), stearic
acid (18:0), oleic acid (18:1), linoleic acid (18:2), and linolenic
acid (18:3). The labeled and unlabeled probes were supplied
by Amersham Biosciences Inc. (Baie d’Urfe, Québec, Canada).
The lipid probes were prepared by solubilizing them in 10 mM
taurodeoxycholic acid (Sigma, St. Louis, MO) in Krebs-bicar-
bonate buffer, with the exception of 12:0, which was solubi-
lized in only Krebs-bicarbonate buffer. [3H]Inulin was used as
a nonabsorbable marker to correct for the adherent mucosal
fluid volume (16).

(ii) Tissue preparation. Eight animals per treatment group
were sacrificed by an intraperitoneal injection of Euthanyl®

(sodium pentobarbital, 240 mg/100 g body weight). The whole
length of the small intestine was rapidly removed and rinsed
with 150 mL cold saline. The intestine was divided into two
parts: The proximal half of the intestine beginning at the liga-
ment of Treitz was termed the “jejunum,” and the distal half
was termed the “ileum.” A 2-cm piece of each segment of je-
junum and ileum was gently scraped with a glass slide. The
mucosal scrapings and the remaining intestinal wall were dried
overnight in an oven at 55°C. The percentage of the intestinal

wall comprising mucosa was then calculated. The remaining
intestine was everted and cut into small rings of approximately
2–4 mm each. These intestinal rings were immersed in prein-
cubation beakers containing Krebs buffer (pH 7.2) at 37°C,
bubbled with oxygen plus bicarbonate (O2-CO2, 95:5 vol/vol),
and allowed to equilibrate for 5 min (17). Uptake was initiated
by the timed transfer of the tissue rings from the preincubation
buffer to a 5-mL plastic vial containing [3H]inulin and [14C]-
labeled lipids in Krebs buffer bubbled with oxygen plus bicar-
bonate that had been equilibrated to 37°C in a shaking water
bath. The intestinal rings were incubated in the lipid substrates
for 5 min.

(iii) Determination of uptake rates. The rate of lipid uptake
was terminated by pouring the vial contents onto filters on an
Amicon vacuum filtration manifold that was maintained under
suction, followed by washing the intestinal rings three times
with ice-cold saline. The tissue rings were then placed on a
glass slide and dried overnight in an oven at a constant temper-
ature of 55°C. The dry weight of the tissue was determined,
and the tissue was transferred to scintillation-counting vials.
The samples were saponified with 0.75 M NaOH, scintillation
fluid was added, and radioactivity was determined by means of
an external standardization technique to correct for variable
quenching of the two isotopes (16). The rates of lipid uptake
were determined as nmol of substrate absorbed per 100 mg dry
weight of the mucosa per minute (Jm, nmol·100 mg mucosal
tissue−1·min−1).

Morphological analysis. To determine the morphological
characteristics of the intestine, vertical sections were prepared
from the jejunum and from the ileum. Hematoxylin and eosin-
stained slides were prepared from paraffin blocks. Crypt depth,
villous height, villous width, and villous width at half height
were measured using the program MetaMorph 5.05r (Univer-
sal Imaging Corporation, Downingtown, PA). The group
means were obtained based on 10 villi and 20 crypts per slide,
with a minimum of 4 animals in each group.

Immunohistochemistry. The jejunal and ileal tissues were
embedded in paraffin, and 4- to 5-µm sections were mounted
on glass slides. The sections were heated and placed immedi-
ately in xylene (2× for 5 min each), followed by absolute etha-
nol (2× for 2 min each), and were then rinsed with tap water.
The slides were incubated in a hydrogen peroxide/methanol so-
lution and rinsed with tap water. They were then rehydrated,
and the tissue was encircled on the slides with a hydrophobic
slide marker (PAP pen; BioGenex, San Ramon, CA). The slides
were incubated for 15 min in blocking reagent (20% normal
goat serum), followed by primary antibody to the intestinal FA-
binding protein (I-FABP) or to the liver FA-binding protein (L-
FABP) for 30 min. Both antibodies were a generous gift from
Dr. Luis B. Agellon, University of Alberta. The slides were in-
cubated in LINK® and LABEL®, and with DAB® solution
(BioGenex). The slides were then washed, stained in hema-
toxylin, dehydrated in absolute ethanol, and cleared in xylene.
The slides were photographed, and the area labeled with anti-
body was determined using Metamorph 5.05r. The results were
expressed as the ratio of the area that was antibody-positive to
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FIG. 1. Experimental design. *Glucagon-like peptide-2 (GLP-2), dexa-
methasone (DEX), GLP-2 + DEX, and a placebo were administered dur-
ing pregnancy and lactation. **Uptake studies were performed at days
19–21 (“suckling”) and at day 49 (“weanling”).



the total area. Statistical analyses were based on a minimum of
four villi per animal and four animals per group.

Statistical analyses. The results were expressed as mean ±
SEM. The statistical significance of the differences between
the four groups was determined by ANOVA and the Stu-
dent–Newman–Keuls test. Significant differences between
sucklings vs. weanlings were determined using a Student’s t-
test. Statistical significance was accepted as P ≤ 0.05.

RESULTS

Body and intestinal weights, and villous morphology. There was
no significant difference in body weight gain (g/d) among the
dams used in the control, GLP-2, DEX, or GLP-2 + DEX groups
(data not shown). There were also no differences in the body
weights of the suckling or weanling rats in these four groups.

Compared with controls, sucklings whose pregnant and lac-
tating dams were given DEX or GLP-2 + DEX had increased

jejunal mucosal weight and an increase in the percentage of the
jejunal wall comprising mucosa (Table 1). There were no
changes in the ileum. GLP-2 by itself had no effect on the char-
acteristics of the jejunum or ileum. In weanlings, GLP-2, DEX,
or GLP-2 + DEX had no effect on the weight of the jejunal or
ileal mucosa, the weight of the intestine, or the percentage of
the intestinal wall comprising mucosa (Table 2).

In sucklings, GLP-2 increased the ileal villous height com-
pared with controls (data not shown). The weanling rats of
dams exposed to the placebo, GLP-2, DEX, or GLP-2 + DEX
1 mon previously showed no difference in jejunal or ileal mor-
phology between the treatment groups.

Lipid uptake. Because of the effect of DEX and GLP-2 +
DEX on the jejunal weights (Table 1) and morphology of the
suckling rats, the rate of lipid uptake was expressed on the basis
of mucosal mass (Jm, mmol·100 mg mucosa−1·min−1).

In sucklings, GLP-2 reduced the ileal uptake of 12:0, 18:1,
and 18:2, whereas DEX reduced the jejunal uptake of 12:0 and
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TABLE 1
Intestinal Characteristics of Suckling Rats of Dams Injected Through Pregnancy and Lactation with Glucagon-like
Peptide-2 (GLP-2), Dexamethasone (DEX), or GLP-2 + DEXa

Control GLP-2 DEX GLP-2 + DEX

Jejunum
Mucosa (mg/cm) 1.8 ± 0.3 2.7 ± 0.7 4.1 ± 0.5* 3.8 ± 0.2*
Remaining intestinal wall (mg/cm) 1.8 ± 0.3 2.5 ± 0.8 1.2 ± 0.2 0.9 ± 0.1
Total weight (mg/cm) 3.6 ± 0.3 5.2 ± 0.7 5.4 ± 0.6 4.7 ± 0.2
% Mucosa 50.6 ± 5.1 53.1 ± 9.7 76.9 ± 4.0* 79.8 ± 2.2*

Ileum
Mucosa (mg/cm) 1.5 ± 0.3 2.1 ± 0.2 2.8 ± 0.7 1.9 ± 0.3
Remaining intestinal wall (mg/cm) 1.9 ± 0.3 1.2 ± 0.2 1.6 ± 0.5 1.5 ± 0.3
Total weight (mg/cm) 3.5 ± 0.3 3.3 ± 0.2 4.4 ± 0.6 3.4 ± 0.2

% Mucosa 44.8 ± 5.8 64.8 ± 5.0 61.8 ± 9.0 55.9 ± 8.0
aValues are expressed as mean ± SEM, n = 8. *Values are significantly different from controls (P ≤ 0.05 by one-way
ANOVA). The treatments include GLP-2 (0.1 µg/g twice a day), DEX (0.128 µg/g once a day), and GLP-2 + DEX at those
doses, given during pregnancy and lactation. The suckling animals were sacrificed on days 19–21.

TABLE 2
Intestinal Characteristics of Weanling Rats of Dams Injected Through Pregnancy
and Lactation with GLP-2, DEX, or GLP-2 + DEXa

Control GLP-2 DEX GLP-2 + DEX

Jejunum
Mucosa (mg/cm) 8.7 ± 2.0 8.9 ± 1.3 8.8 ± 0.8 8.5 ± 1.1
Remaining intestinal wall (mg/cm) 1.0 ± 0.1 1.2 ± 0.16 0.9 ± 0.1 1.0 ± 0.2
Total weight (mg/cm) 10.0 ± 2.0 10.1 ± 1.2 9.7 ± 0.8 9.5 ± 0.9
% Mucosa 87.9 ± 2.5 89.7 ± 2.3 90.0 ± 1.9 87.7 ± 2.6

Ileum
Mucosa (mg/cm) 7.9 ± 1.2 10.5 ± 2.1 8.8 ± 0.7 8.3 ± 0.6
Remaining intestinal wall (mg/cm) 0.7 ± 0.1 1.0 ± 0.2 0.8 ± 0.1 0.9 ± 0.1
Total weight (mg/cm) 8.6 ± 1.1 11.5 ± 2.0 9.5 ± 0.6 9.2 ± 0.6

% Mucosa 89.8 ± 2.6 89.8 ± 2.8 91.3 ± 1.8 89.9 ± 1.5
aValues are expressed mean ± SEM, n = 8. None of these differences was statistically significant
tested by one-way ANOVA. The treatments included GLP-2 (0.1 µg/g twice a day), DEX (0.128 µg/g
once a day), and GLP-2 + DEX at those doses, given during pregnancy and lactation. The weanling
animals were sacrificed 28 d after weaning. For abbreviations see Table 1.



18:0 and the ileal uptake of 12:0, 18:0, 18:1, and 18:2 (Table
3). The combination of GLP-2 + DEX also reduced the jejunal
uptake of 12:0 and 18:0, and reduced the ileal uptake of 12:0,
18:0, 18:1, 18:2, and cholesterol.

In weanlings, GLP-2 had no effect on the jejunal uptake of
lipids but reduced the ileal uptake of 12:0 and 18:3 and increased
the uptake of 18:2 (Table 4). DEX reduced the jejunal uptake of
18:1 and the ileal uptake of 12:0, 18:1, and 18:3. GLP-2 + DEX
reduced the ileal uptake of 12:0 and 18:1.

The uptake of lipids was generally lower in the jejunum and
ileum of weanling, as compared with suckling, control rats, or

those given GLP-2 or GLP-2 + DEX (Tables 3, 4). In those
given DEX, the jejunal uptake of lipids was similar in suck-
lings and in weanlings, and was lower in the ileum of wean-
lings than sucklings.

Immunohistochemistry. There were no differences between
sucklings and weanlings in the abundance of I-FABP or L-
FABP in the jejunum or ileum of the control animals (Table 5).
GLP-2, DEX, and GLP-2 + DEX had no effect on the abun-
dance of I- or L-FABP in suckling or weanling rats, except for
a lower abundance of I-FABP in the ileum of weanlings whose
dams received GLP-2 + DEX.
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TABLE 3
Effect of Treating Dams During Pregnancy and Lactation on the Jejunal and Ileal Uptake (Jm) of Lipids
in Suckling Ratsa

mean ± SEM

FA Control GLP-2 DEX GLP-2 + DEX

Jejunum 12:0 62.7 ± 10.4 53.7 ± 9.4 18.2 ± 4.0* 28.9 ± 4.2*
16:0 4.7 ± 0.5 4.5 ± 0.6 2.4 ± 0.5 3.2 ± 0.7
18:0 5.0 ± 0.7 5.5 ± 0.8 2.4 ± 0.2* 2.9 ± 0.5*
18:1 3.7 ± 0.5 3.55 ± 0.7 1.7 ± 0.3 3.0 ± 0.6
18:2 3.5 ± 0.6 4.5 ± 1.9 1.6 ± 0.2 1.2 ± 0.3
18:3 2.0 ± 0.3 2.7 ± 0.4 2.0 ± 0.5 2.6 ± 0.3
Chol 1.7 ± 0.3 3.3 ± 0.8 1.7 ± 0.3 1.1 ± 0.2

Ileum 12:0 98.9 ± 16.4 58.2 ± 5.7* 24.7 ± 10.2* 46.4 ± 5.5*
16:0 5.6 ± 0.9 8.2 ± 1.2 2.5 ± 0.3 4.2 ± 0.8
18:0 10.1 ± 1.6 6.8 ± 0.8 3.0 ± 1.4* 4.3 ± 0.6*
18:1 12.8 ± 2.4 2.5 ± 0.5* 4.4 ± 1.9* 5.6 ± 0.6*
18:2 9.8 ± 1.8 3.8 ± 0.5* 2.1 ± 0.4* 4.9 ± 1.3*
18:3 4.7 ± 0.6 5.2 ± 0.8 3.4 ± 0.4 4.1 ± 0.5
Chol 2.8 ± 0.5 2.8 ± 0.5 2.0 ± 0.4 1.0 ± 0.1*

aValues are mean ± SEM, n = 8. *Values are significantly different from controls (P ≤ 0.05 by one-way ANOVA). Jm: uptake
rate calculated based on mucosal weight (nmol 100 mg−1 mucosal weight min−1). The treatments included GLP-2 (0.1 µg/g
twice a day), DEX (0.128 µg/g once a day), and GLP-2 + DEX at those doses, given during pregnancy and lactation. The
suckling animals were sacrificed on days 19–21. Chol, cholesterol; for other abbreviations see Table 1.

TABLE 4
Effect of Treating Dams During Pregnancy and Lactation on the Jejunal and Ileal Uptake (Jm) of Lipids
in Weanling Ratsa

mean ± SEM

FA Control GLP-2 DEX GLP-2 + DEX

Jejunum 12:0 17.8 ± 1.5 17.3 ± 1.7 12.9 ± 1.9 12.3 ± 2.1
16:0 1.6 ± 0.1 1.8 ± 0.1 1.4 ± 0.2 1.6  ± 0.3
18:0 1.5 ± 0.8 1.9 ± 0.2 1.9 ± 0.2 1.0 ± 0.1
18:1 1.5 ± 0.2 1.7 ± 0.1 1.2 ± 0.1* 1.4 ± 0.1
18:2 1.2 ± 0.1 1.6 ± 0.1 1.4 ± 0.2 1.3 ± 0.2
18:3 1.3 ± 0.2 1.5 ± 0.1 1.4 ± 0.2 1.1 ± 0.1
Chol 0.9 ± 0.1 1.1 ± 0.2 1.1 ± 0.1 0.7 ± 0.1

Ileum 12:0 21.0 ± 1.6 14.0 ± 0.1* 13.8 ± 1.8* 15.0 ± 1.3*
16:0 1.2 ± 0.1 1.4 ± 0.1 1.3 ± 0.1 0.9 ± 0.1
18:0 1.3 ± 0.1 1.6 ± 0.2 1.0 ± 0.1 1.1 ± 0.1
18:1 1.3 ± 0.1 1.1 ± 0.1 0.9 ± 0.2* 0.8 ± 0.1*
18:2 0.9 ± 0.1 1.4 ± 0.2* 0.8 ± 0.1 1.1 ± 0.1
18:3 1.2 ± 0.1 0.8 ± 0.1* 0.8 ± 0.1* 1.0 ± 0.1
Chol 1.0 ± 0.1 1.0 ± 0.2 1.1 ± 0.1 0.7 ± 0.1

aValues are mean ± SEM, n = 8. *Values are significantly different from controls (P ≤ 0.05 by one-way ANOVA). Jm: uptake
rate calculated based on mucosal weight (nmol 100 mg−1 mucosal weight min−1). The treatments included GLP-2 (0.1 µg/g
twice a day), DEX (0.128 µg/g once a day), and GLP-2 + DEX at those doses, given during pregnancy and lactation. The
weanling animals were sacrificed 28 d after weaning. For other abbreviations see Tables 1 and 3.



DISCUSSION

GLP-2 has a proabsorptive effect in adult rats and in humans
(18,19). However, treating pregnant and lactating dams with
GLP-2 reduced the ileal uptake of some long-chain FA (LCFA)
in both the suckling and weanling offspring (Tables 3, 4). This
unexpected decline was partially due to the enhanced resistance
of the intestinal unstirred water layer (UWL) (16), as the up-
take of lauric acid (12:0) was also reduced.

In adult rats, GLP-2 has a trophic effect on the intestine
(20,21). In sucklings, GLP-2 increased the ileal villous height
(data not shown), whereas the mucosal weight did not change
(Table 1). However, this effect did not persist past the wean-
ing period (data not shown), suggesting that the effect of GLP-2
on intestinal morphology was short-lived. GLP-2 may exert
its influence on the suckling animals by increasing intestinal
proliferation or decreasing apoptosis. Indeed, in adult animals,
GLP-2 has an antiapoptotic (21) and trophic effect (20,21). We
did not specifically measure apoptosis or proliferation;
nonetheless, the reduction in lipid uptake seen with GLP-2
clearly could not be explained by changes in the animals’ body
weight or by enhancement of the intestinal weight.

The GLP-2-secreting “L” cells are more abundant in the dis-
tal than in the proximal small intestine (22,23). However, in
adult rats the prominent trophic effects of systemically admin-
istered GLP-2 are observed in the jejunum (24), and the recep-
tors for GLP-2 (GLP-2R) are more abundant in the jejunum
than in the ileum (25). Thus, the lack of stimulating effect of
GLP-2 on the jejunal uptake of lipids was unlikely to be due to
a lack of GLP-2R.

It is important to stress that in this study, GLP-2 was given to
pregnant and lactating mothers. Whether GLP-2 crosses the pla-
centa or passes through the mammary gland into the mother’s
milk is not known. Furthermore, any GLP-2 that might come
into the intestinal lumen with the mother’s milk might possibly
be digested, although breast milk may delay this process (26,27).

The inhibitory effect of GLP-2 on lipid uptake into the ileum
may not be a direct effect of GLP-2, but rather be due to some
other mediator such as the hepatocyte growth factor, fibroblast
growth factor, platelet-derived growth factor, or granulocyte

colony-stimulating factor (28–31). Whether these trophic fac-
tors are released in response to GLP-2 administration is un-
known. We speculated that GLP-2 influenced the secretion of
one or more of these factors, which may thereby have indirectly
inhibited lipid uptake.

When budesonide or prednisone was given directly to 21-
d-old rats for 4 wk, the lipid uptake was enhanced (13). In con-
trast, DEX reduced the ileal lipid uptake in suckling and wean-
ling rats (Tables 3, 4). This effect likely occured during preg-
nancy, since DEX given during lactation enhanced lipid uptake
in the offspring (32). The decline in lipid uptake with DEX was
also associated with an increase in the jejunal mucosal mass in
sucklings (Table 1), although changes in the jejunal villous
morphology were found only in weanlings (data not shown).
Thus, the inhibitory effects of DEX on lipid uptake were not
due to atrophy of the intestine, unlike the situation in adult rats
in which DEX induced atrophy in the intestine (33,34).

We had anticipated that the suckling and weanling rats
would lose weight when given DEX, as DEX has a catabolic
effect on the whole body when given to adult rats (33,35).
However, DEX given to pregnant and lactating dams (0.128
µg/g body weight per day for 30 d) had no effect on the body
weights of the offspring. Clearly, the effect of GC on the intes-
tine of adult animals was different from that in the newborn.
Furthermore, the malabsorption of lipids in the ileum was not
sufficient to cause weight loss. This may have been because
lipid absorption in the proximal intestine remained sufficient to
maintain body weight, or because the absorption of other
macronutrients was enhanced in a compensatory manner.

The mechanism for the decline in lipid uptake with DEX as
well as with GLP-2 could not be explained by alterations in the
abundance of the two cytosolic FABP that were measured.
There was no change in the abundance of I-FABP or L-FABP
in suckling or weanling animals, although in the ileum of wean-
lings given GLP-2 + DEX there was a decline in I-FABP abun-
dance (Table 5). Others have also reported that changes in I-
FABP do not necessarily mimic alterations in the intestinal
lipid uptake (36,37). There are several other lipid-binding pro-
teins in the BBM or enterocyte cytosol (such as caveolin-1, the
scavenger receptor class B type I, the plasma membrane-FABP,
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TABLE 5
I-FABP and L-FABP Abundance in the Ileum of Offspring Whose Mothers Received Treatment During Pregnancy
and Lactationa

Control GLP-2 DEX GLP-2 + DEX

I-FABP
Suckling 78.3 ± 3.6 71.4 ± 4.7 76.7 ± 2.6 66.0 ± 3.3
Weanling 72.2 ± 4.7 65.1 ± 3.0 67.8 ± 3.7 58.0 ± 0.9*

L-FABP
Suckling 64.9 ± 2.2 67.8 ± 5.7 58.5 ± 3.2 60.9 ± 5.5
Weanling 59.0 ± 3.4 60.7 ± 4.0 62.0 ± 2.3 55.3 ± 3.0

aProtein abundance was determined by immunohistochemistry. Values are pixels per area and are expressed as mean ±
SEM, n = 8. *Values are significantly different from controls (P ≤ 0.05 by one-way ANOVA). The treatments included GLP-
2 (0.1 µg/g twice a day), DEX (0.128 µg/g once a day), and GLP-2 + DEX at those doses, given during pregnancy and lacta-
tion. The sucklings were sacrificed on days 19–21 and the weanlings were sacrificed 28 d after weaning. I-FABP, intestinal
FA-binding protein; L-FABP, liver FA-binding protein; for other abbreviations see Table 1.



the FA transporter, the FA transport protein-4, the cholesterol
transport protein, and the ileal lipid-binding protein) (38–40).
It is possible that our treatments with GLP-2 and DEX reduced
the abundance of these proteins, thereby reducing the lipid up-
take.

It is likely that the effect of GC on the intestine of the off-
spring was a direct effect, because DEX injected into the
mother crosses the placenta (41,42) and also passes into her
milk (43–45). GC may influence intestinal absorption by re-
ducing proliferation and enhancing apoptosis (33,46–48), as
well as by modifying gene transcription through their effects
on nuclear receptors (49,50). GC also reduce the effects of
trophic peptides such as the hepatocyte growth factor and epi-
dermal growth factor (47,48,51), so part of the effect of DEX
may have been indirect. As was the case for GLP-2, GC also
did not have an effect on intestinal lipid-binding proteins (Table
5). This agrees with results from previous studies using GC
(13,14).

The combination of GLP-2 + DEX also reduced the ileal
LCFA uptake, consistent with the effects of GLP-2 alone and
DEX alone (Tables 3, 4). However, there was clearly no obvi-
ous additive or synergistic effect, as might have been antici-
pated because of the permissive effect of steroids on peptides
such as GLP-2, which act via cAMP (52). Again, this change
in lipid uptake could be explained in part by an increase in the
effective resistance of the UWL (Tables 3, 4), but was not ex-
plained by alterations in the intestinal weights or morphology
(Tables 1, 2). Treatment with GLP-2 + DEX decreased the ileal
I-FABP abundance in weanlings (Table 5). This may partially
explain the decrease in lipid uptake in weanlings, but it does
not explain the decline in uptake in sucklings or the decline in
uptake in weanlings given GLP-2 alone or DEX alone.

Under physiological conditions, lipids are preferentially ab-
sorbed in the jejunum (53,54). In our experiment the decline in
lipid uptake with GLP-2, DEX, and GLP-2 + DEX was observed
largely in the ileum. The ileum is also known to be more adapt-
able than the jejunum to alterations in nutrient load, or following
intestinal resection (55–57). It is therefore possible that the distal
small intestine is more responsive to GLP-2, DEX, and GLP-2 +
DEX because of the lower baseline levels of lipid uptake, or per-
haps because of its greater adaptive capabilities.

To determine whether the changes seen in the suckling rats
persisted 4 wk after injections with GLP-2 or DEX were dis-
continued, we first needed to know what effect age had on lipid
uptake. When comparing suckling with weanling rats given a
placebo (Tables 3, 4), we found a consistent decline in the jeju-
nal and ileal uptake of LCFA. Other studies have shown a fall
in the absorption of lipids with weaning (8,9). This fall was
probably due to a lower permeability of the BBM in adults as
compared with sucklings, possibly as the result of a fall in
BBM fluidity (58,59). Luminal lipids may be important to set
the level of fat absorption (60). Therefore, the fall in lipid up-
take may be the result of the usual decrease in the dietary fat
content and the increase in the carbohydrate content that oc-
curs when an animal is weaned from milk (a high-fat diet) onto
chow (a high-carbohydrate diet).

In animals given DEX, the age-associated decline in lipid
uptake into the jejunum was not observed (Tables 3, 4). This
was likely due to the reduction in lipid uptake seen in suckling
animals in response to DEX, a reduction that was much greater
than that achieved by the other treatments. As a result, the up-
take levels were similar to those seen in weanlings, and a de-
cline was therefore not observed in these animals. DEX may
have prematurely reduced lipid uptake levels in the sucklings
to levels comparable to those seen postweaning. This may have
important nutritional implications, as suckling animals con-
sume breast milk, which is high in fat. A down-regulation of
lipid uptake, particularly at this critical age, may result in lipid
malabsorption and compromised nutritional status.

Nonetheless, the results found in weanlings appear to be late
effects of GLP-2, DEX, and GLP-2 + DEX (Table 4). That
there are late effects of early nutrition has long been appreci-
ated (61). For example, changing the type of lipids in the diets
of pregnant or lactating dams modifies the normal ontogeny of
intestinal absorption (62–64). The late effects observed in our
experiments could be the result of a reprogramming of the nor-
mal ontogenic process. This raises the possibility that giving
GLP-2 or DEX to the pregnant and lactating mother may have
a lasting effect on lipid uptake in her offspring. How long this
lipid malabsorption lasts, or whether there are other persistent
and deleterious effects on lipid metabolism are unknown.

In summary, GLP-2, DEX, and GLP-2 + DEX given to
pregnant and lactating rat dams reduced the ileal uptake of
LCFA in suckling and weanling offspring (Tables 3, 4). This
malabsorption of lipids was not due to alterations in body
weight, intestinal morphology, or the abundance of two cytoso-
lic lipid-binding proteins. This lipid malabsorption persisted
after the treatments had been stopped, but the importance of
this effect on the nutritional welfare of the animal in later life is
unknown.
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ABSTRACT: Tissues changes in FA metabolism can occur
quite rapidly in response to ischemia and may require immedi-
ate microwave fixation to determine basal concentrations. The
present study aimed to quantify the effects of immediate no-flow
ischemia on concentrations of individual nonesterified FA
(NEFA) and acyl-CoA species in the rat heart. Male CDF 344
rats were anesthetized and decapitated either 5 min prior to
being microwaved (5.5 kW, 3.4 s, twice) to produce ischemia
or microwaved prior to decapitation (nonischemic). Hearts were
then removed and used to measure the concentrations of acyl-
CoA species and FA in several lipid classes. The ischemic heart
total NEFA concentration was significantly lower than that in
the nonischemic heart (11.9 vs. 19.0 nmol/g). Several individ-
ual NEFA concentrations were decreased by 31–85%. Ischemic
heart total long-chain acyl-CoA concentrations (21.0 nmol/g)
were significantly higher than those in nonischemic hearts (11.4
nmol/g). Increased concentrations of individual acyl-CoA
species occurred in palmitoyl-CoA, stearoyl-CoA, oleoyl-CoA,
and linoleoyl-CoA. Concentrations of short-chain acetyl-CoA
and β-hydroxy-β-methylglutaryl-CoA were also two- to three-
fold higher in ischemic hearts than in nonischemic hearts. The
FA concentration in TG and phospholipids generally did not dif-
fer between the groups. Decreases in concentrations of individ-
ual FA and increases in acyl-CoA species during no-flow is-
chemia occur very rapidly within the heart. Although it is not
clear how these alterations contribute to the pathogenesis of is-
chemia, it is evident that future studies attempting to quantify
basal levels of these metabolites could use microwave fixation.

Paper no. L9834 in Lipids 40, 1149–1154 (November 2005).

Ischemia can be defined as a mismatch between energy supply
and demand (1). A narrower, more practical definition in clini-
cal settings is reduced blood flow to tissues. Under normal
physiological conditions in the heart, FA serve as the main en-
ergy source (2,3) and as signaling molecules (4). Ischemia
causes major alterations in lipid metabolism (see discussion

below) that manifest as a depletion of some metabolites and ac-
cumulation of others. Because of the importance of FA in heart
energy metabolism and signaling, some of these alterations in
FA metabolism are believed to potentiate ischemic injury (5,6).

FA β-oxidation is rapidly inhibited with the onset of is-
chemia (7). This leads to a rapid accumulation of total long-
chain (>12 carbon) acyl-CoA in the heart (1,8). In the brain, it
is known that only the arachidonoyl (20:4n-6)-CoA level in-
creases in response to ischemia (9,10). To the best of our
knowledge individual heart acyl-CoA alterations in response to
ischemia have not been reported. The precursors of heart long-
chain acyl-CoA are nonesterified FA (NEFA), which originate
from plasma or from cellular esterified lipid pools. Increases in
heart individual NEFA concentrations have been reported in
low-flow ischemia models, but this accumulation is much
slower than the increase in total long-chain acyl-CoA (7,11,12).

Low-flow ischemic and isolated perfusion models have
been used to study FA metabolism in the heart (13–15). Be-
cause no-flow models do not have a plasma/cellular exchange
of FA and metabolites, they allow for a better understanding of
intact isolated cardiac tissue metabolism in response to is-
chemia. Because alterations in FA metabolism are quite rapid,
we used a previously published global ischemic no-flow model
to better understand early alterations of FA metabolism in the
heart (9,10,16–18). Early alterations may help explain alter-
ations at longer time intervals and thus may elucidate their role
in ischemic injury (2,3). We also extended a novel method for
measuring individual long-chain acyl-CoA in the brain to those
in the heart to characterize changes in individual long-chain
acyl-CoA during no-flow ischemia (19). Whereas rapid mi-
crowave fixation has been used extensively in measuring basal
lipid concentrations in the brain because it prevents artifacts
from postdecapitation ischemia and residual enzyme activity
during homogenization, it has not been used in the heart to
measure acyl-CoA (9,16,18,20–26). Although variations of this
method have been used to quantify heart acyl-CoA concentra-
tions, the effect of ischemia on these concentrations has not
been assessed (24,27,28). This method, combined with the
measurement of individual FA concentrations in other pools,
provides a novel approach to understanding the early regula-
tion of FA metabolism during ischemia and may help to iden-
tify new therapeutic targets.
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METHODS AND MATERIALS

Chemicals. HPLC grade heptane, toluene, and isopropanol
were purchased from EM Science (Gibbstown, NJ). Ammo-
nium sulfate, glacial acetic acid, and diethyl ether were pur-
chased from Mallinckrodt (Paris, KY). Reagent grade chloro-
form and methanol were from Mallinckrodt (Phillipsburg, NJ).
HPLC grade acetonitrile was obtained from Fisher Scientific
(Fair Lawn, NJ). Potassium phosphate, 2,2,4-trimethyl-pen-
tane, and CoA standards were from Sigma-Aldrich (St. Louis,
MO). Perchloric acid was purchased from Aldrich Chemicals
(Milwaukee, WI).

Animals and tissue extraction. The study was conducted ac-
cording to National Institutes of Health guidelines (Publication
no. 80-23) and approved by the National Institute of Child
Health and Human Development Animal Care and Use Com-
mittee. Male CDF-344 rats, weighing 200–250 g (Charles
River; Wilmington, MA) were used. Rats were acclimatized
for 5–7 d in an animal facility in which the temperature, hu-
midity, and light cycle were controlled, and had ad libitum ac-
cess to food (NIH-31 diet) and water. They were anesthetized
with sodium pentobarbital (2.5 mg/kg, i.p.) (Abbott Laborato-
ries, North Chicago, IL) prior to being allocated to either an is-
chemic or a nonischemic (control) group. Nonischemic rats
were microwaved (5.5 kW, 3.4 s; Cober Electronics, Stamford,
CT) to abruptly stop metabolism (9), decapitated, and the re-
maining carcass was microwaved a second time (5.5 kW, 3.4
s). This process rapidly “cooks” the heart, denaturing its pro-
teins. Rats in the ischemic group were decapitated and after ex-
actly 5 minutes were microwaved (5.5kW, 3.4 s, twice). Five
minutes was chosen as this has been previously used for the
brain and represents a reasonable estimate of the total time it
would take from death to freezing of the heart with conven-
tional methods. The heart continued to beat for less than 30 s
in the decapitated animal. The heart was excised, separated into
halves, across the midcoronal plane, and rinsed extensively in
ice-cold phosphate buffered saline to remove excess blood. Tis-
sue was then frozen in −60°C n-methylbutane and placed on
dry ice prior to storage at −80°C.

Lipid extraction and chromatography. Total lipids were ex-
tracted from half of each heart according to the method of
Folch (29). A known amount of free heptadecaenoic acid
(17:0) was added as an internal standard to the total lipid ex-
tract for quantification of NEFA. TG, NEFA, and phospholipids
were separated from total lipid extracts by TLC on silica gel
plates (Whatman, Clifton, NJ) and separated using a mixture
of heptane/diethylether/glacial acetic acid (60:40:2 by vol)
(30). Bands were visualized with 6-p-toluidine-2-naphthalene-
sulfonic acid under UV light and scraped into a test tube con-
taining toluene. A known amount of di-17:0-PC was added to
the TG and phospholipid scrapings prior to methylation for
quantification. FAME were formed by heating the scrapings in
1% H2SO4 in methanol at 70°C for 3 h. FAME were then sepa-
rated on a 30 m × 0.25 mm i.d. capillary column (SP-2330; Su-
pelco, Bellefonte, PA) using GC with an FID (Model 6890N;
Agilent Technologies, Palo Alto, CA). Runs were initiated at

80°C, with a temperature gradient to 160°C (10°C/min) and
230°C (3°C/min) in 31 min, and held at 230°C for 10 min.
Peaks were identified by comparison with retention times of
FAME standards. FA concentrations (nmol/g tissue) were cal-
culated by proportional comparison of GC peak areas to areas
of the internal standards.

Acyl-CoA measurements. Long-chain acyl-CoA were mea-
sured in the heart according to the method of Deutsch with
slight modifications (19). The heart was sliced thinly over dry
ice, weighed, and along with a known amount of 17:0-CoA as
an internal standard, placed in a 15-mL conical vial prior to
sonicating the tissue in 25 mM potassium phosphate. Iso-
propanol (2 mL) was added to the vial and the homogenate was
sonicated again. Saturated ammonium sulfate (0.25 mL) was
added and the sample was lightly shaken by hand. Acetonitrile
(4 mL) was added and the sample was vortexed for 10 min
prior to centrifugation. The upper phase was extracted and 10
mL of 25 mM potassium phosphate was added. Each sample
was run three times through an activated oligonucleotide pu-
rification cartridge (Applied Biosystems, Foster City, CA),
washed with 10 mL of 25 mM potassium phosphate, and eluted
with 400 µL isopropanol/1 mM glacial acetic acid (75:25
vol/vol). Samples were dried under nitrogen and reconstituted
in 100 µL isopropanol/1 mM glacial acetic acid (75:25 vol/vol)
for HPLC analysis. Acyl-CoA species were separated using
HPLC (Beckman, Fullerton, CA) with a Symmetry C-18 5-µm
column (250 × 4.6 mm; Waters-Millipore Corp., Milford, MA),
and UV absorbance was measured at 260 and 280 nm with a
System Gold 168 dual wavelength detector. Conditions were
set to a 1 mL/min gradient system composed of (A) 75 mM
potassium phosphate and (B) 100% acetonitrile. The gradient
started with 44% B and 66% A, and was then increased to 49%
B over 25 min and then to 70% B over 5 min; it remained at
70% B for 9 min and returned to 44% over 4 min, and was held
there for 4 min (end of run). Concentrations of acyl-CoA
species (nmol/g wet weight) were identified according to the
retention times of authentic standards and measured using peak
area analysis (32 Karat, version 5.0; Beckman Coulter, Fuller-
ton, CA) from HPLC chromatograms.

Short-chain acyl-CoA were extracted according to the
method of Deutsch with slight modifications (31). Hearts were
sliced over dry ice and weighed, and a known amount of propi-
onyl-CoA (internal standard) and 6% perchloric acid were
added to the sample prior to homogenization followed by soni-
cation. This step was followed by vortexing the samples and
centrifugation at 1050 × g for 5 min. The liquid phase was ex-
tracted and 75 mM potassium phosphate was added. Each sam-
ple was manually passed twice through an activated oligonu-
cleotide purification cartridge. The cartridge was then washed
with 75 mM potassium phosphate and the short-chain acyl-
CoA were eluted with 4% isopropanol in 25 mM potassium
phosphate containing 16% methanol. The samples were stored
at −80°C until analyzed by HPLC. The above-mentioned
processes were carried out over ice and all the solutions were
ice-cold. HPLC conditions were a 1 mL/min gradient system
composed of (A) 75 mM potassium phosphate and (B) 100%
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acetonitrile. The gradient started with 4% B; it was increased
to 7% B over 5 min and then to 9% B over 4 min, then returned
to 4% B over 1 min and remained at 4% B for 4 more min. It
was then increased to 12% B over 1 min and then to 20% B
over 10 min. Afterward, it was increased to 60% B over 2 min
and then reduced to 4% B over 2 more min, where it was held
for 16 min. Peaks were identified by comparing the retention
times with those of purchased acyl-CoA standards, with the ex-
ception of glutathione CoA (see next paragraph). The peak
areas were integrated using 32 Karat, version 5.0 (Beckman
Coulter) software, and short-chain acyl-CoA were identified
according to the retention times of authentic standards. Con-
centrations (nmol/g heart wet weight) were calculated by the
proportional comparison of HPLC peak areas to the area of the
propionyl-CoA internal standard.

Reduced glutathione-CoA was prepared by the anhydride
method using oxalyl chloride (32). In a glass test tube contain-
ing reduced glutathione (Sigma) and methylene chloride (1
mL), an equimolar amount of oxalyl chloride was added and
incubated at room temperature for 2 h with occasional stirring.
After 1 h, the methylene chloride solution was dried under a
steady stream of nitrogen at 45°C and redissolved in t-butanol.
The dissolved oxalyl glutathione anhydride was mixed with
CoA to form reduced glutathione-CoA.

Statistics. Unpaired, two-tailed t-tests were used to compare
means between ischemic and nonischemic animals (v. 9.0;
SAS, Cary, NC) and statistical significance was taken as P ≤
0.05. Data are presented as means ± SD.

RESULTS

NEFA. The total measured NEFA concentration of the ischemic
heart was 33% lower than that of the nonischemic heart (P <
0.001) (Table 1). There was no statistical difference in myristic
acid (14:0) concentrations between the ischemic and nonis-
chemic heart. Concentrations of all other measured NEFA,
palmitic acid (16:0), stearic acid (18:0), oleic acid (18:1n-9),
linoleic acid (18:2n-6), 20:4n-6, and DHA (22:6n-3), were sig-
nificantly lower (32, 31, 46, 73, 68, and 85% for 16:0, 18:0,
18:1n-9, 18:2n-6, 20:4n-6, and 22:6n-3, respectively) in the is-
chemic heart, compared with the nonischemic heart.

Long-chain acyl-CoA. Total measured long-chain acyl-CoA
were significantly higher (84%) in the ischemic heart compared
with the nonischemic heart (Table 2). The concentrations of satu-
rated CoA species, 16:0-CoA and 18:0-CoA, were 75 and 146%
higher in the ischemic heart compared with the nonischemic
heart. The concentration of 18:1n-9-CoA was 88% higher in the
ischemic heart than in the nonischemic heart. The concentration
of 18:2n-6-CoA was the only other measured polyunsaturated
CoA species that was significantly higher in the ischemic heart
compared with the nonischemic heart (71%). Consistent with a
previous report, 22:6n-3-CoA was not detected (28).

TG and phospholipids. There was no difference in the mea-
sured TG total FA concentration between the ischemic and
nonischemic heart (16390 ± 5279 vs. 13210 ± 2855 nmol/g for
the ischemic and nonischemic heart, respectively, P = 0.18). In

addition, there were no changes in individual TG FA concen-
trations, except for 18:0, which was significantly higher in the
ischemic heart (2203 ± 318) compared with the nonischemic
heart (1427 ± 234 nmol/g, P < 0.001). There was also no sig-
nificant difference in the phospholipid total FA concentrations,
or in any individual esterified FA concentration.

Short-chain acyl-CoA. Measured, total short-chain acyl-
CoA concentrations did not differ between the two groups
(74.9 ± 16.8 vs. 66.7 ± 16.5 nmol/g in the ischemic vs. nonis-
chemic heart). The glutathione-CoA level was significantly
lower (46%) in the ischemic heart compared with the nonis-
chemic heart (Table 3). There was no significant difference in
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TABLE 1
Nonesterified FA (NEFA) Concentration of Nonischemic and Ischemic
Rat Heartsa

Nonischemic Ischemic 
FA (nmol/g wet weight) (nmol/g wet weight)

Myristic acid (14:0) 1.69 ± 0.38 2.05 ± 1.07
Palmitic acid (16:0) 6.27 ± 1.48 4.23 ± 0.64 **
Stearic acid (18:0) 3.91 ± 0.57 2.70 ± 0.40 ***
Oleic acid (18:1n-9) 2.59 ± 0.64 1.39 ± 0.37 ***
Linoleic acid (18:2n-6) 2.35 ± 0.74 0.65 ± 0.11 ***
Arachidonic acid (20:4n-6) 0.48 ± 0.21 0.15 ± 0.06 ***
Docosahexaenoic acid (22:6n-3) 0.35 ± 0.25 0.05 ± 0.02 *
Sum of FA 19.03 ± 3.05 11.90 ± 1.64 ***
aData are mean ± SD, n = 8 samples per group. *P < 0.05, **P < 0.01,
***P < 0.001 vs. nonischemic.

TABLE 2
Long-Chain Acyl-CoA Concentration of Nonischemic and Ischemic
Rat Heartsa

Nonischemic Ischemic
FA (nmol/g wet weight) (nmol/g wet weight)

Myristoyl-CoA (14:0-CoA) 0.63 ± 0.36 0.90 ± 0.35
Palmitoyl-CoA (16:0-CoA) 3.25 ± 1.84 5.67 ± 1.20 **
Stearoyl-CoA (18:0-CoA) 1.83 ± 0.68 4.52 ± 1.98 **
Oleoyl-CoA (18:1n-9-CoA) 3.16 ± 1.42 5.94 ± 2.19 **
Linoleoyl-CoA (18:2n-6-CoA) 1.99 ± 1.11 3.41 ± 1.07 *
Arachidonoyl-CoA (20:4n-6-CoA) 0.54 ± 0.17 0.54 ± 0.32
Sum of acyl-CoA 11.40 ± 5.09 20.98 ± 6.53 **
aData are mean ± SD, n = 8 samples per group. *P < 0.05, **P < 0.01 vs.
nonischemic.

TABLE 3
Short-Chain Acyl-CoA Concentration of Nonischemic and Ischemic
Rat Heartsa

Nonischemic Ischemic
FA (nmol/g wet weight) (nmol/g wet weight)

Glutathione-CoA 8.97 ± 2.85 4.84 ± 1.62 **
CoASH 47.98 ± 18.24 41.76 ± 14.71
HMG-CoA 0.80 ± 0.29 1.52 ± 0.53 **
Acetyl-CoA 8.97 ± 3.55 26.76 ± 8.85 ***
aData are mean ± SD, n = 8 samples per group. **P < 0.01, ***P < 0.001 vs.
nonischemic. CoASH, free CoA; HMG-CoA, β-hydroxy-β-methylglutaryl-
CoA.



the free CoA (CoASH) concentration in the ischemic vs. non-
ischemic heart. β-Hydroxy-β-methylglutaryl-CoA (HMG-
CoA) was 89% higher in the ischemic rat heart compared with
the nonischemic heart. The acetyl-CoA concentration was
198% higher in the ischemic heart compared with the nonis-
chemic heart.

DISCUSSION

Several myocardial lipid pools are significantly altered in vari-
ous ischemic models (5,8,13,33). In general, these models differ
from that of the current study with respect to the use of different
species and the degree and duration of ischemia. In the current
study, we examined the immediate stages of no-flow ischemia to
better understand this process. Ischemic alterations related to
lipid metabolism are due to the cessation of oxygen-consuming
processes (i.e., β-oxidation, oxidative respiration) leading to an
accumulation of intermediate products from the affected
processes. The 197% higher acetyl-CoA concentration in the is-
chemic rat heart in the current study is consistent with a decrease
in oxidative respiration. It has been reported that total long-chain
acyl-CoA levels increase shortly after the onset of ischemia (1,8).
Our results show for the first time that increases in some individ-
ual long-chain acyl-CoA are of a magnitude of 71–146%. The
total measured CoA (acyl and free) were higher in ischemic
hearts (97.8 ± 18.6) compared with nonischemic hearts (78.1 ±
13.1, P < 0.05, data not shown). Although this result may ex-
plained by a rapid increase in CoA synthesis, as seen in other
models (34,35), it would be important to measure other CoA
sources to further test this hypothesis.

The role of long-chain acyl-CoA accumulation in ischemic
damage and/or protection is not yet clear (5). Their amphiphilic
characteristics are thought to damage membranes and activate
lysosomes (13,36,37). In addition, long-chain acyl-CoA have
been shown to inhibit adenine nucleotide translocase (38) and
Na-K-ATPase (39). Nevertheless, there is evidence that these
adverse effects may not occur in vivo, mainly due to compart-
mentalization of the long-chain acyl-CoA (5,33). Conversely,
the accumulation of long-chain acyl-CoA in ischemia may also
have a protective role. This has been attributed to their ability
to facilitate opening of the KATP channel, which results in
potassium efflux from the cell followed by reduced contractil-
ity and therefore reduced energy requirements (40,41).

Individual NEFA concentrations decreased by 31–85% (ex-
cluding 14:0). Several groups have reported that NEFA actu-
ally increased during ischemia (1,33). However, these later
studies measured NEFA after 45 min to 1 h of ischemia (7,11).
Studies of shorter duration (10-min ischemia) also showed that
NEFA did not increase (11,42) and some NEFA were even de-
creased (11). NEFA are supplied to the heart from either exog-
enous (plasma NEFA and possibly lipoproteins) or endogenous
(TG and phospholipids) sources (3,12). Since we used a no-
flow model, the supply from exogenous sources could be ex-
cluded. Therefore, it seems likely that in our model, NEFA
were activated by an acyl-CoA synthetase prior to any alter-
ations in TG or phospholipid metabolism. The decrease in

NEFA was roughly proportional to the increase in long-chain
acyl-CoA, further supporting this notion. Unlike the brain,
which accumulates predominantly 20:4n-6 and 20:4n-6-CoA
during ischemia, increases in the heart FA and acyl-CoA
species are more proportional (9,21). During brain ischemia
(unlike the heart), glutamate is released, causing an increase in
the activities of the 20:4n-6 selective calcium-dependent cy-
tosolic and secretory phospholipase A2, thus releasing 20:4n-6
from neural membranes (43,44).

TG are a prominent storage pool and the main NEFA source
in the absence of exogenous (plasma) NEFA (3,45). NEFA con-
tribute most of the myocardial energy supply under normal phys-
iological conditions (2). In the current study, there was no statis-
tically significant change in cardiac FA TG concentrations after
5 min of no-flow ischemia (except for 18:0). These results are
broadly consistent with publications suggesting that TG do not
change during early ischemia (7,11) but accumulate following
prolonged (30- to 60-min) ischemia (46–48). Similarly, we found
no effect of ischemia on the FA concentrations of esterified phos-
pholipid FA. Similar to TG, changes in heart phospholipids are
believed to occur over several hours of ischemia (49).

Previous work in low-flow models suggests that CoASH
levels decrease during ischemia (13), whereas in our study
there was a nonsignificant 23% decrease. A possible explana-
tion for this discrepancy might be that low-flow models con-
tinue to provide NEFA as a substrate for acyl-CoA synthetases,
resulting in a larger depletion in heart CoASH. In our study,
acetyl-CoA levels were almost threefold higher in the ischemic
group. A low-flow pig heart ischemic model demonstrated a
transient increase in acetyl-CoA over the first minute, followed
by a decrease and stabilization to one-third of its original con-
centration (50). Because acetyl-CoA does enter the tricar-
boxylic acid cycle during ischemia, it is possible that it is being
shunted toward cholesterol synthesis or other pathways, thus
explaining the observed increase in HMG-CoA concentration
in the ischemic rat heart (51,52). An increase in the amount of
acetyl-CoA would also be expected to produce malonyl-CoA,
causing inhibition of carnitine palmitoyl transeferase-1 and fur-
ther inhibition of β-oxidation (51,52).

No-flow heart ischemia can be viewed as a state of cessa-
tion of oxygen-demanding processes while at the same time the
energy (ATP) level is sufficient to maintain many of the
nonoxygen-based pathways. One of these energy-demanding
pathways is the activation of NEFA to fatty acyl-CoA (requir-
ing one mole of ATP per mole of acyl-CoA formed) (53,54),
which continues to take place despite ischemia. This is possi-
ble, as during ischemia, heart ATP and creatine phosphate con-
centrations are slowly depleted over time (11,50,55).

In summary, the onset of changes in FA metabolism in the
no-flow ischemic model of the heart are quite rapid and vary in
magnitude between lipid classes and individual acyl species.
They do not necessarily reflect changes observed in long-term
ischemia and low-flow models. How these changes relate to the
pathophysiology of ischemia and whether they can be targeted
for the treatment of ischemia remain to be explored. Future in-
vestigations attempting to quantify basal heart NEFA and acyl-
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CoA (but not phospholipid or TG) concentrations should take
into consideration that tissues that are not rapidly fixed could
be altered. Microwaving the heart of living animals is one
method of rapidly fixing the tissue to prevent artifacts in acyl-
CoA and NEFA from residual enzyme activity after ischemia
and during the homogenization process. A better understand-
ing of the true basal concentration of these lipids will be useful
in understanding their role in a variety of models.
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ABSTRACT: The cytotoxic aldehydes 4-hydroxynonenal, 4-hy-
droperoxynonenal (4-HPNE), and 4-oxononenal are formed dur-
ing lipid peroxidation via oxidative transformation of the hydroxy
or hydroperoxy precursor fatty acids, respectively. The mecha-
nism of the carbon chain cleavage reaction leading to the alde-
hyde fragments is not known, but Hock-cleavage of a suitable di-
hydroperoxide derivative was implicated to account for the frag-
mentation [Schneider, C., Tallman, K.A., Porter, N.A., and Brash,
A.R. (2001) Two Distinct Pathways of Formation of 4-Hydroxy-
nonenal. Mechanisms of Nonenzymatic Transformation of the
9- and 13-Hydroperoxides of Linoleic Acid to 4-Hydroxyalke-
nals, J. Biol. Chem. 275, 20831–20838]. Both 8,13- and 10,13-
dihydroperoxyoctadecadienoic acids (diHPODE) could serve as
precursors in a Hock-cleavage leading to 4-HPNE via two differ-
ent pathways. Here, we synthesized diastereomeric 9,12-, 10,12-,
and 10,13-diHPODE using singlet oxidation of linoleic acid.
8,13-Dihydroperoxyoctadecatrienoic acid was synthesized by vi-
tamin E-controlled autoxidation of γ-linolenic acid followed by
reaction with soybean lipoxygenase. The transformation of these
potential precursors to 4-HPNE was studied under conditions of
autoxidation, hematin-, and acid-catalysis. In contrast to 9- or 13-
HPODE, neither of the dihydroperoxides formed 4-HPNE on au-
toxidation (lipid film, 37°C), regardless of whether the free acid
or the methyl ester derivative was used. Acid treatment of 10,13-
diHPODE led to the expected formation of 4-HPNE as a signifi-
cant product, in accord with a Hock-type cleavage reaction. We
conclude that, although the suppression of 4-H(P)NE formation
from monohydroperoxides by α-tocopherol indicates peroxyl
radical reactions in the major route of carbon chain cleavage, the
dihydroperoxides previously implicated are not intermediates in
the autoxidative transformation of monohydroperoxy fatty acids
to 4-HPNE and related aldehydes.

Paper no. L9855 in Lipids 40, 1155–1162 (November 2005).

Oxidative cleavage of polyunsaturated fatty acids during lipid
peroxidation gives rise to a diverse array of aldehydes with
considerable bioactivity (1–3). Among the most prominent and

well-studied are the cytotoxic aldehydes 4-hydroxynonenal (4-
HNE), 4-hydroperoxynonenal (4-HPNE), 4-oxononenal, and
4-hydroxyhexenal (4–8). As the free aldehydes, these products
can deplete cellular GSH through adduct formation leading to
apoptosis (9). They also have the potential to interfere with cell
cycle events and to manipulate protein expression (10,11).
Membrane phospholipids and LDL carrying short-chain alde-
hydes esterified to the PC head group have been shown to pro-
mote entry of monocytes into the vessel wall (12,13). In the
progression of atherosclerosis, they can also serve as potent lig-
ands for the macrophage scavenger receptor CD36, actively
promoting uptake of the oxidized lipids and ultimately leading
to the transformation of macrophages into foam cells (14).
Therefore, insights into the mechanisms of aldehyde formation
during lipid peroxidation can advance our understanding of the
etiology of atherogenesis and other diseases associated with
oxidative stress. Notwithstanding this significance for mam-
malian pathophysiology, the precise chemical mechanisms re-
sponsible for carbon chain cleavage and aldehyde formation
during lipid autoxidation have yet to be determined.

A chemical mechanism for carbon chain cleavage of hy-
droperoxy fatty acids is the Hock rearrangement (15,16). Al-
though this reaction generally requires catalysis by acid, it
could mechanistically account for formation of the aldehyde
fragments observed during autoxidation of hydroxy- and hy-
droperoxy fatty acids. We have shown before that the 13-hy-
droperoxy group of 13S-hydroperoxyoctadecadienoic acid
(HPODE) is not involved in the cleavage of the C9–C10 car-
bon bond during transformation of 13S-HPODE to 4S-HPNE
(17). Therefore, we proposed the formation of a 10,13-dihy-
droperoxide intermediate that could undergo a Hock-type of
cleavage reaction to explain the retention of chirality of the hy-
droperoxy group during transformation (17). Assuming a simi-
lar mechanism, an equivalent 10-hydroperoxy-13-hydroxy in-
termediate could account for the observed cleavage of 13S-hy-
droxyoctadecadienoic acid (HODE) into 4S-HNE (18). In the
case of 13-HPODE, two intermediates that theoretically could
Hock-fragment into 4-HPNE are the 10,13- and 8,13-dihy-
droperoxides of linoleic acid (Fig. 1). Starting with 13-
HPODE, the common initiating step for the two pathways sug-
gested in Figure 1 is a hydrogen abstraction at C8 leading to a
delocalized radical that is oxygenated to the hydroperoxide at
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either carbons 10 or 8, yielding either a 10,13- or a 8,13-dihy-
droperoxide. From there, the two pathways diverge. In path-
way A, 10,13-diHPODE is proposed to Hock-cleave between
carbons 9 and 10 directly yielding 4-HPNE and 9-oxononanic
acid (Fig. 1) (17). In the second pathway that is newly proposed
here, 8,13-diHPODE is projected to Hock-cleave between car-
bons 8 and 9 to yield a 10-carbon enol, 5-hydroperoxydeca-
1,3E-dien-1-ol, or the tautomeric aldehyde, 5-hydroperoxy-3E-
decenal (Fig. 1, pathway B). This enol is presumed to be highly
unstable and is subject to immediate oxygenation at C2 result-
ing in decarboxylation to give 4-HPNE and formic acid. Here
we synthesized several isomeric dihydroperoxide derivatives
of C18 unsaturated fatty acids and studied their potential toward
transformation into 4-HPNE under various conditions.

EXPERIMENTAL PROCEDURES

Synthesis of HPODE substrates. 13S-HPODE was synthesized
using soybean lipoxygenase (type V; Sigma, St. Louis, MO) as
described before (19). DiHPODE methyl esters were synthe-
sized by singlet oxidation of methyl linoleate (15,20). Methyl
linoleate, 1 g, and 1 mg of methylene blue were dissolved in
25 mL of methanol and transferred to a photochemistry appa-
ratus equipped with a water cooling jacket, an oxygen gas sup-
ply, and a 500 W halogen lamp. The reaction was set up in a
cold room at 4°C and allowed to proceed for 15 h. For sample
workup, a 10-mL aliquot of the crude reaction was diluted with
the same volume of methanol, and 10 mL of water was added
in 1-mL aliquots while vortexing. The solution was loaded onto
five 1-g C18 Mega Bond Elut cartridges (Varian), and seven 2-

mL fractions each were collected upon elution with MeOH/
water 80:20 (vol/vol). Aliquots (5 µL) of the fractions were
analyzed by UV spectroscopy to monitor product elution. The
second fraction contained products with only end absorbance
in the UV, and these were further separated by RP-HPLC using
a Waters Symmetry C18 column (0.46 × 25 cm; Waters, Mil-
ford, MA) eluted with MeOH/water 70:30 (vol/vol) at a flow
rate of 1 mL/min and with UV detection at 205 nm. Six peaks
of isomeric diHPODE methyl esters were collected and ex-
tracted with methylene chloride. The products were stored in
MeOH at −20°C until further use.

Synthesis of 8,13-dihydroperoxy-6Z,9Z,11E-octadeca-
trienoic acid. γ-Linolenic acid methyl ester, 200 mg, and α-to-
copherol, 600 mg, were dissolved in 10 mL of methylene chlo-
ride (21). The mixture was transferred to a 1-L round-bottomed
flask, the solvent was evaporated, and the residue was flushed
with oxygen. Autoxidation was carried out at 37°C for 5 d with
daily flushing with oxygen. The reaction mixture was then frac-
tionated on a 25-g silica open bed column at 4°C. The column
was eluted with 500 mL hexane/ethyl acetate (100:2.5, vol/vol)
and 500 mL hexane/ethyl acetate (100:5, vol/vol). The 100:5
fractions were pooled and evaporated. The sample was injected
on RP-HPLC using a Waters Symmetry C18 7-µm column (1.9
× 30 cm) eluted with acetonitrile/water (70:30, vol/vol) at a
flow rate of 10 mL/min with UV detection at 205 nm. Five frac-
tions were collected, evaporated to approximately half volume
under a stream of nitrogen, and extracted with methylene chlo-
ride. The first and second peaks, containing the bis-allylic hy-
droperoxides, were hydrolyzed using KOH as described below.
Both products were reacted with soybean lipoxygenase in a UV
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FIG. 1. Two mechanistic hypotheses on the transformation of 13-hydroperoxyoctadecadienoic acid (HPODE) to 4-
hydroperoxy-2E-nonenal (HPNE) via Hock cleavage of 10,13-diHPODE and 8,13-diHPODE intermediates. In
mechanism (A), C8 hydrogen abstraction is followed by trapping of the carbon-centered radical at C10, formation
of the hydroperoxide, and Hock cleavage of the C9–C10 carbon bond to form 4-HPNE and 9-oxononanic acid. In
(B), an 8,13-diHPODE is formed that cleaves into 8-oxo-octanoic acid and a 10-carbon dienol product that is prone
to oxygenation at C2. Loss of formic acid from the intermediate peroxyl radical yields 4-HPNE. R is H or CH3.



cuvette. Only the product in the first RP-HPLC peak reacted
with the enzyme and was therefore identified as the bis-allylic
8-hydroperoxide (the second peak containing the 11-hydroper-
oxide does not react with soybean lipoxygenase).

8-Hydroperoxy-6Z,9Z,12Z-octadecatrienoic acid, 500 µg,
was dissolved in 50 mL of 100 mM K2HPO4 buffer at room
temperature. Several 10-µL portions of soybean lipoxygenase
(type V; Sigma) were added over the course of 1 h, and aliquots
of the reaction were monitored in the UV for the increase in ab-
sorbance at 235 nm. When no further increase in absorbance
was observed, the mixture was acidified to pH 6 using 1 N HCl
and KH2PO4. Products were extracted using methylene chlo-
ride and washed with water twice. 8,13-Dihydroperoxy-
6Z,9Z,11E-octadecatrienoic acid was isolated by HPLC using
a Whatman Partisil 5 µm column eluted with hexane/iso-
propanol/HOAc (100:4:0.1, by vol) at a flow rate of 1 mL/min
and UV detection at 235 nm. The product was used immedi-
ately for autoxidation reactions.

Hydrolysis of diHPODE methyl esters. For hydrolysis of
methyl esters, the substrates (0.5–1 mg) were placed in 3 mL
of methanol, and 300 µL of methylene chloride was added.
KOH (3 mL of a 1 M solution) was added, and the mixture was
vortexed vigorously and sonicated. After standing at room tem-
perature for 30 min, the reaction was placed on ice and the fol-
lowing cold reagents were added for extraction: 4.5 mL of
methylene chloride, 1.5 mL 1 M KH2PO4, and 2.5 mL of 1 N
HCl, bringing the pH to 6. The organic layer was washed with
water twice and evaporated to dryness. The residue was dis-
solved in 1 mL methanol. RP-HPLC analyses were used to de-
termine completeness of the hydrolysis.

Autoxidation reactions. Hydroperoxide substrates, 1 or 5 µg,
were transferred to 1.5-mL plastic reaction tubes and evaporated
from solvent. The tubes were placed in an oven at 37°C for the
time indicated. After the reaction, 30 µL of column solvent was
added, and the entire mixture was injected on RP-HPLC with
diode array detection (model 1100; Agilent, Palo Alto, CA). For
RP-HPLC a Waters Symmetry C18 column (0.46 × 25 cm) was
eluted with acetonitrile/water/HOAc (60:40:0.01, by vol) at a
flow rate of 1 mL/min. Some of the reactions were analyzed
using methanol/water/HOAc (75:25:0.01, by vol) at a flow rate
of 1 mL/min as the mobile phase. The decomposition of 13S-
HPODE and 13S-HPODE methyl ester (5 µg for each data point)
was quantified by comparing the remaining peak height (235
nm) after autoxidation relative to the initial peak height of the
starting material. 4-HPNE was quantified by comparison of the
peak height at 220 nm with a standard curve of 4-HNE (5–100
ng) injected on RP-HPLC.

Hematin reaction. 10,13-DiHPODE, 2 µg, was dissolved in 50
µL of water. A freshly prepared hematin solution in 1 mM NaOH
was added to a final concentration of 5 µM. The mixture was in-
cubated at room temperature for 5 min and then extracted using
the Bligh and Dyer method (22). The entire reaction was injected
on a Waters Symmetry C18 column (0.46 × 25 cm) eluted with
acetonitrile/water/HOAc (60:40:0.01, by vol) at a flow rate of 1
mL/min and monitored using a diode array detector.

GC–MS and LC–MS. For GC–MS analysis, the crude frac-

tion from the open bed column containing the diHPODE methyl
esters was reduced using NaBH4. The products were separated
using a Beckman Si 5 µm column (0.46 × 25 cm; Beckman,
Fullerton, CA) eluted with hexane/isopropanol (100:3, vol/vol)
at a flow rate of 1 mL/min with UV detection at 205 nm. The col-
lected products were converted to the trimethylsilyl ethers by
treatment with N,O-bis(trimethylsilyl) trifluoroacetamide in pyr-
idine. For GC–MS a Thermo Finnigan DCQ system was used
equipped with an Rtx-1701 fused-silica capillary column (17 m
× 0.25 mm i.d.; Restek Corp., Bellefonte, PA). Samples were in-
jected at 150°C, and after 1 min the temperature was pro-
grammed to 300°C at 10 or 20°C/min.

LC–MS was performed using a Thermo Finnigan LC Quan-
tum instrument. A Waters Symmetry C18 column (0.46 × 25 cm)
was eluted with MeOH/H2O/HOAc (75:25:0.01, by vol, contain-
ing 0.15 mM AgBF4) at 1 mL/min, and the column effluent was
split in a 5:1 ratio into a UV detector (205 nm) and the electro-
spray ionization interface. The heated capillary ion lens was op-
erated at 220°C. Nitrogen was used as a nebulization and desol-
vation gas. The electrospray potential was held at 4 kV. Source-
induced dissociation was set at –10 eV. Mass spectra were
acquired over the mass range m/z 100–600 at 2 s/scan. Collision-
induced dissociation (CID) was performed at –15 eV.

NMR spectroscopy. 1H and H,H-COSY NMR spectra were
recorded in benzene-d6 on a Bruker Avance DRX 400 MHz or
500 MHz spectrometer. Chemical shifts are reported relative to
δ = 7.24 ppm for the residual protons.

9,12-Dihydroperoxy-10E,13E-octadecadienoic acid methyl
ester (1). 1H NMR, C6D6, 400 MHz; δ 7.57, s, 1H, OOH; δ
7.31, s, 1H, OOH; δ 5.89, dd, J = 15.8 Hz/6.5 Hz, 1H, H13; δ
5.80, m, 2H, H14, H10; δ 5.59, dd, J = 15.5 Hz/7.0 Hz, 1H,
H11; δ 4.89, dd, J = 6.6 Hz, 1H, H12; δ 4.34, q, J = 6.7 Hz, 1H,
H9; δ 3.43, s, 3H, OCH3; δ 2.19, t, J = 6.5 Hz, 2H, H2; δ 1.99,
q, J = 6.7 Hz, 2H, H15. EI-MS, methyl ester, TMS-ether: m/z
73 (100, rel. abundance), 259 (33), 223 (30), 155 (27), 211 (16),
313 (15), 380 (6), 439 (2), 455 (1).

9,12-Dihydroperoxy-10E,13E-octadecadienoic acid methyl
ester (5). 1H NMR, C6D6, 400 MHz; δ 7.50, s, 1H, OOH; δ 7.40,
s, 1H, OOH; δ 5.87, dd, J = 15.7 Hz/6.7 Hz, 1H, H13; δ 5.77, m,
2H, H14, H10; δ 5.56, dd, J = 15.5 Hz/7.1 Hz, 1H, H11; δ 4.88,
dd, J = 6.8 Hz, 1H, H12; δ 4.33, q, J = 6.8 Hz, 1H, H9; δ 3.44, s,
3H, OCH3; δ 2.17, t, J = 7.4 Hz, 2H, H2; δ 1.99, q, J = 6.6 Hz,
2H, H15. EI-MS, methyl ester, TMS-ether: 73 (100), 259 (32),
223 (30), 155 (26), 211 (16), 313 (14), 380 (5), 439 (2), 455 (1).

10,13-Dihydroperoxy-8E,11E-octadecadienoic acid methyl
ester (2). 1H NMR, C6D6, 400 MHz; δ 7.51, s, 1H, OOH; δ 7.47,
s, 1H, OOH; δ 5.89, dd, J = 15.8 Hz/6.2 Hz, 1H, H9; δ 5.85, dd,
J = 15.4 Hz/6.8 Hz, 1H, H12; δ 5.76, dt, J = 15.8 Hz/7.0 Hz, 1H,
H8; δ 5.59, dd, J = 15.5 Hz/7.1 Hz, 1H, H11; δ 4.89, dd, J = 6.6
Hz, 1H, H10; δ 4.35, q, J = 6.6 Hz, 1H, H13; δ 3.43, s, 3H,
OCH3; δ 2.16, t, J = 7.4 Hz, 2H, H2; δ 1.97, dt, J = 6.8 Hz, 2H,
H7. EI-MS, methyl ester, TMS-ether: 73 (100), 173 (53), 309
(15), 297 (10), 399 (9), 237 (6), 380 (5), 439 (2), 455 (1).

10,13-Dihydroperoxy-8E,11E-octadecadienoic acid methyl
ester (6). 1H NMR, C6D6, 400 MHz; δ 7.55, s, 1H, OOH; δ 7.48,
s, 1H, OOH; δ 5.88, dd, J = 15.8 Hz/6.6 Hz, 1H, H9; δ 5.78, dd,
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J = 15.6 Hz/7.2 Hz, 1H, H12; δ 5.74, dt, J = 15.0 Hz/7.0 Hz, 1H,
H8; δ 5.57, dd, J = 15.6 Hz/7.1 Hz, 1H, H11; δ 4.89, dd, J = 6.8
Hz, 1H, H10; δ 4.34, q, J = 6.6 Hz, 1H, H13; δ 3.43, s, 3H,
OCH3; δ 2.16, t, J = 7.4 Hz, 2H, H2; δ 1.96, dt, J = 7.0 Hz, 2H,
H7. EI-MS, methyl ester, TMS-ether: 73 (100), 173 (56), 309
(15), 297 (10), 399 (9), 237 (6), 380 (5), 439 (2), 455 (1).

10,12-Dihydroperoxy-8E,13E-octadecadienoic acid methyl
ester (3). 1H NMR, C6D6, 400 MHz; δ 7.62, s, 1H, OOH; δ
7.53, s, 1H, OOH; δ 5.74–5.64, m, 2H, H8, H14; δ 5.48, m, 2H,
H9, H13; δ 4.68, dt, J = 7.1 Hz/6.8 Hz, 2H, H10, H12; δ 3.43,
s, 3H, OCH3; δ 2.17, t, J = 7.3 Hz, 2H, H2; δ 2.03–1.93, m, 6H,
H15, H11, H7. EI-MS, methyl ester, TMS-ether: 73 (100), 185
(72), 237 (44), 129 (41), 271 (31), 323 (27), 380 (4), 413 (1),
455 (<1), 470 (<1).

10,12-Dihydroperoxy-8E,13E-octadecadienoic acid methyl
ester (4). 1H NMR, C6D6, 400 MHz; δ 7.62, s, 1H, OOH; δ
7.48, s, 1H, OOH; δ 5.80–5.64, m, 2H, H8, H14; δ 5.50, m, 2H,
H9, H13; δ 4.62, m, 2H, H10, H12; δ 3.43, s, 3H, OCH3; δ
2.33, ddd, J = 14.3 Hz/7.4 Hz, 1H, H11a; δ 2.17, t, J = 7.2 Hz,
2H, H2; δ 1.97, m, 4H, H15, H7; δ 1.74, ddd, J = 14.4 Hz/6.0
Hz, 1H, H11b. EI-MS, methyl ester, TMS-ether: 73 (100), 185
(82), 237 (45), 129 (44), 271 (38), 323 (28), 380 (4), 413 (1),
455 (<1), 470 (<1).

8,13-Dihydroperoxy-6Z,9Z,11E-octadecatrienoic acid. 1H
NMR, CDCl3, 400 MHz; δ 6.64, dd, J = 14.8 Hz/11.7 Hz, 1H,
H10; δ 6.22, m, 1H, H9; δ 5.72, m, 2H, H11, H12; δ 5.61, dd, J
= 8.9 Hz, 1H, H7; δ 5.43, dd, J = 9.9 Hz, 1H, H8; δ 5.37, t, J =
9.8 Hz, 1H, H6; δ 4.42, m, 1H, H13.

RESULTS

Formation of 4-HPNE from 13S-HPODE and from 13S-
HPODE methyl ester. We compared the time course of forma-
tion of 4-HPNE during autoxidation of the free acid and the
methyl ester derivative of 13S-HPODE to investigate the influ-
ence of the carboxylate group on the carbon chain cleavage re-
action. Aliquots of both substrates (5 µg each) were autoxi-
dized separately for 1, 2, 3, and 4 h and analyzed by RP-HPLC.
As shown in Figure 2, the rate of decay of the free acid 13S-
HPODE was about twice as fast as the rate of the methyl ester
in these experiments. Nevertheless, their efficiency in forma-
tion of 4-HPNE was comparable, since about 50% decay of 5
µg of either HPODE precursor led to the accumulation of about
15 ng 4-HPNE (1.2% molar yield).

When a mixture of 5 µg each of 13S-HPODE and 13S-
HPODE methyl ester was autoxidized, both decayed at the same
rate (Fig. 2C). This rate was intermediate compared with the
rates observed in the separate reactions, implying that the differ-
ent rates observed in the separate reactions were due to a differ-
ence in the abundance of initiating radicals in the substrate prepa-
rations. Thus, 13S-HPODE and the methyl ester of 13S-HPODE
are equally efficient precursors to 4-HPNE formation.

Synthesis of linoleic acid dihydroperoxides. The 9,12-,
10,12-, and 10,13-dihydroperoxides were synthesized by sin-
glet oxidation of linoleic acid methyl ester. Initial separation
on a C18 Bond Elute cartridge gave a pooled fraction of the

polar dihydroperoxides that was resolved from the monohy-
droperoxides. This mixture was injected on analytical RP-
HPLC, and six peaks with end absorbance in the UV were de-
tected (products 1—6) (Fig. 3A). The same HPLC system was
used for semipreparative isolation of the six dihydroperoxide
products. An aliquot of the crude sample was reduced with
NaBH4 and resolved using straight-phase HPLC (Fig. 3B), and
the individual dihydroxy methyl ester products were reacted to
the TMS ether derivatives and analyzed by GC–MS in the EI
mode. The MS fragmentation patterns were used to define the
location of the hydroxy groups along the carbon chain. To-
gether with the 1H NMR data, the six peaks were identified as
the diastereomers of the 9,12- (1 and 5), 10,12- (3 and 4), and
10,13- (2 and 6) dihydroperoxides of linoleic acid methyl ester
(Fig. 3C). The absolute configuration of the hydroperoxide
groups in the different isomers was not determined. For use in
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FIG. 2. Time course of transformation of 13S-HPODE and 13S-HPODE
methyl ester (me) into 4-HPNE. Five micrograms each per time point of
(A) 13S-HPODE methyl ester, (B) 13S-HPODE, and (C) a mixture of both
were autoxidized at 37°C for the time indicated. The decay of 13S-
HPODE methyl ester (ll), 13S-HPODE (ss), and the formation of 4-
HPNE (n) was quantified using RP-HPLC and comparison of the peak
heights. The mean of two independent experiments with virtually iden-
tical results is shown. For other abbreviations see Figure 1.

 



some of the autoxidation reactions, the methyl esters were hy-
drolyzed to the free acids using a protocol for mild hydrolysis
to avoid degradation of the hydroperoxide groups.

Autoxidation of 10,13-diHPODE and 9,12-diHPODE.
10,13-DiHPODE (2 or 6) is a potential precursor to autoxida-
tive formation of 4-HPNE, whereas 9,12-diHPODE (1 or 5)
was used for comparison as substrate that is assumed not to
form 4-HPNE on cleavage (Fig. 1) (17). Aliquots (5 µg) of the
methyl ester derivatives of both diHPODE were autoxidized as
a dry lipid film at 37°C for 1, 2, and 3 h, and then analyzed by
RP-HPLC with diode array detection. The reaction conditions
were similar to those used before in the transformation of 13-

HPODE to 4-HPNE, and 15-hydroxyeicosatetraenoic acid
(HETE) to 4-HNE (17,18). Figure 4 shows a representative
HPLC analysis after 3 h of autoxidation. Both the 10,13- and
the 9,12-dihydroperoxides rearranged each into two products
7, 8, and 9, 10, respectively, with identical UV spectra that were
characteristic of trans,trans-conjugated diene chromophores
(λmax = 231 nm) (17,23). The products were further analyzed
using LC-coordination (Ag+) ion spray-MS (24). LC-MS re-
vealed molecular adduct ions [M + Ag+] of m/z 465 and 467
for the 9,12- and 10,13-diHPODE (methyl ester) starting com-
pounds as well as for each of the two main metabolites, respec-
tively. This is compatible with a M.W. of 358 (methyl ester de-
rivative) and implies that both allylic diHPODE rearranged into
a pair of diastereomeric conjugated diHPODE.

On CID in the presence of Ag+, the 10,13-diHPODE
(methyl ester 6, m/z 465) gave two main fragments at m/z 293
and 305, resulting from a Hock-fragmentation of the C9–C10
and C10–C11 carbon bonds, respectively. Two less abundant
fragments were found at m/z 347 and 377 representing cleav-
age of the C12–C13 and C13–C14 bonds, respectively. This
fragmentation pattern is therefore compatible with the hy-
droperoxy groups located at carbons 10 and 13. The conjugated
rearrangement products 7 and 8 gave identical mass spectra
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FIG. 3. HPLC analysis of diHPODE methyl esters 1–6 synthesized by
singlet oxidation of linoleic acid methyl ester. DiHPODE methyl esters
were prepared by singlet oxidation of linoleic acid methyl ester as de-
scribed in the Experimental Procedures section. (A) RP-HPLC analysis
of a crude fraction of diHPODE methyl esters using a Waters Symmetry
C18 column (0.46 × 25 cm; Waters, Milford, MA) eluted with
MeOH/water 70:30 (vol/vol) at a flow rate of 1 mL/min; (B) SP-HPLC
analysis of a crude fraction of diHPODE methyl esters after reduction
with NaBH4. A Beckman Ultrasphere Si 5 µm column (0.46 × 25 cm;
Beckman, Fullerton, CA) was eluted with hexane/isopropanol (100:3,
vol/vol) at a flow rate of 2 mL/min. Both chromatograms were recorded
at 205 nm. (C) The products are: 1 and 5, 9,12-diHPODEme; 2 and 6,
10,13-diHPODEme; 3 and 4, 10,12-diHPODEme. For abbreviations see
Figures 1 and 2.

FIG. 4. Autoxidation of the methyl ester derivatives of 10,13-diHPODE
6 and 9,12-diHPODE 5. (A) 5 µg 10,13-diHPODE (methyl ester, 6) and
(B) 5 µg 9,12-diHPODE (methyl ester, 5) were autoxidized as a dry film
at 37°C for 3 h and analyzed by RP-HPLC with diode array detection.
The reactions were analyzed using a Waters Symmetry C18 column
(0.46 × 25 cm) eluted with methanol/water/HOAc (75:25:0.01, by vol)
at a flow rate of 1 mL/min. A product with retention time and UV spec-
trum similar to 4-HPNE was not detected in either of the reactions. The
single asterisk (*) marks the retention time of 4-HPNE. The double aster-
isk (**) marks a solvent artifact peak. Solid line, UV 205 nm; dashed
line, UV 235 nm. For abbreviations see Figures 1 and 2; for manufac-
turer see Figure 3.



with a main product ion at m/z 279 resulting from a Hock-frag-
mentation of the C8-C9 bond, indicating a hydroperoxy group
at C8. The product ion m/z 377 was also found in both spectra,
indicating the presence of the 13-hydroperoxide group. The
fragmentation patterns together with the UV data indicate that
the main transformation products 7 and 8 of 10,13-diHPODE
(methyl ester) are a pair of diastereomeric 8,13-dihydroperoxy-
9E,11E-octadecadienoic acid methyl esters.

CID of the 9,12-diHPODE (methyl ester 5, m/z 465) gave a
major product ion at m/z 293. A product ion m/z 293 was also
obtained by CID of the two conjugated rearrangement products
9 and 10. In each of the three spectra, m/z 293 is derived from
Hock-cleavage of the C9–C10 carbon bond, also indicating the
presence of a 9-hydroperoxy group in the rearrangement prod-
ucts. In contrast to the 9,12-diHPODE starting material, the re-
arrangement products 9 and 10 showed a product ion of m/z 391
resulting from cleavage of the C14–C15 bond indicating the
presence of a 14-hydroperoxy group. Thus, the two rearrange-
ment products 9 and 10 of 9,12-diHPODE (methyl ester) were
identified as a pair of diastereomeric 9,14-dihydroperoxy-
10E,12E-octadecadienoic acid methyl esters. Products 7–10 are
the methyl ester equivalents to the free acid products that had
been isolated before as transformation products during autoxida-
tion of 13-HPODE and 9-HPODE, respectively (17).

In the autoxidation reactions, neither the 10,13- nor the
9,12-diHPODE (methyl ester) formed a product with retention

time and UV spectrum similar to 4-HPNE (or 4-HNE) (Fig. 4).
The autoxidation reactions were repeated in the presence of
equimolar amounts of linoleic acid or 15S-HETE (to have a
free carboxylate group in the reaction and to efficiently gener-
ate peroxyl radicals) and also with the 10,13-diHPODE free
acid after hydrolysis of the methyl ester. Neither of the sub-
strates or reaction conditions led to detectable formation of 4-
HPNE in the HPLC analyses.

Acid-catalyzed transformation of 10,13-diHPODE and 9,12-
diHPODE. To the dry lipid film of the 10,13- and 9,12-
diHPODE, respectively, was added 1.5 µL of 1 N HCl immedi-
ately before the autoxidation. After 1 h of incubation at 37°C,
the reactions were analyzed directly using RP-HPLC with diode
array detection (Fig. 5). Under the strongly acidic conditions, the
10,13-diHPODE (methyl ester) gave a prominent cleavage prod-
uct that was identical in retention time and UV spectrum with an
authentic standard of 4-HPNE (Fig. 5A). As judged by the
UV/diode array analyses, 4-HPNE was the major detectable
transformation product formed on acid-catalyzed transformation
of 10,13-diHPODE (methyl ester) (8% molar yield). The 9,12-
diHPODE (methyl ester) gave two tentative cleavage products,
and as expected, both products were different from 4-HPNE. The
earlier product had a UV spectrum similar to 4-HPNE (λmax 219
nm) but eluted 0.5 min earlier (Fig. 5B). The smaller peak dif-
fered in the UV spectrum and eluted just after 4-HPNE.

Treatment of 10,13-diHPODE with hematin. Hematin has
been shown to induce the rearrangement of fatty acid hydroper-
oxides into epoxyalcohols and other hydroxy and keto deriva-
tives (23,25). We therefore tested its ability to induce cleavage
of the dihydroperoxide into aldehyde fragments. The free acid
10,13-diHPODE, 2 µg (product 6), was dissolved in 50 µL of
water and treated with 5 µM hematin at room temperature for
5 min. In pilot experiments, this concentration of hematin was
found to be sufficient to degrade 5 µg of 15S-hydroperoxye-
icosatetraenoic acid under similar conditions within 5 min. RP-
HPLC analysis confirmed that this treatment was sufficient to
transform the dihydroperoxide substrate 6 completely into sev-
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FIG. 5. Acid-catalyzed transformation of the methyl ester derivatives of
10,13-diHPODE 2 and 9,12-diHPODE 1. (A) 10,13-DiHPODE methyl
ester 6, 2 µg dissolved in 5 µL methanol, was treated with 1.5 µL 1 N
HCl at 37°C for 1 h. (B) 9,12-DiHPODE methyl ester 5, 2 µg, was
treated as in (A). For RP-HPLC analysis a Waters Symmetry C18 column
(0.46 × 25 cm) was eluted with acetonitrile/water/HOAc (60:40:0.01,
by vol) at a flow rate of 1 mL/min and monitored using a diode array
detector. The chromatograms shown were recorded at UV 205 nm. The
asterisk (*) in panel (B) marks a product eluting at about the retention
time of 4-HPNE but with a different UV spectrum. For abbreviations see
Figure 1; for manufacturer see Figure 3.

FIG. 6. Hematin-catalyzed transformation of 10,13-diHPODE 2. 10,13-
DiHPODE 2, 2 µg, was dissolved in 50 µL of water and treated with 5
µM hematin at room temperature for 5 min. Following extraction, the
entire reaction was injected on RP-HPLC using conditions as in Figure
3 and diode array detection. The asterisk marks the retention time of 4-
HPNE. For abbreviations see Figure 1.



eral products of differing polarity (Fig. 6). Neither 4-HPNE nor
4-HNE was detected among these or the less abundant prod-
ucts, indicating that hematin does not induce the Hock-type
cleavage required for formation of these aldehydes.

Synthesis of 8,13-dihydroperoxy-6Z,9Z,11E-octadecatrienoic
acid (8,13-diHPOTE). 8,13-DiHPOTE was synthesized by first
generating the bis-allylic 8-hydroperoxy-6Z,9Z,12Z-octadeca-
trienoic acid methyl ester using vitamin E-controlled autoxida-
tion of γ-linolenic acid methyl ester (21). A 300% excess (w/w)
of α-tocopherol was sufficient to trap the bis-allylic 8- and 11-
hydroperoxides as abundant products during autoxidation (26).
Following isolation of the 8-hydroperoxide by HPLC and hy-
drolysis of the methyl ester, the second hydroperoxy group at
C13 was introduced by reaction with soybean lipoxygenase.
Since soybean lipoxygenase shows chiral discrimination for a
hydroxy group at the C5 carbon relative to the position of oxy-
genation (Brash, A.R., unpublished observations), only one pos-
sible diastereomer was formed in the enzymatic reaction. The
final product, 8,13-dihydroperoxy-6Z,9Z,11E-octadecatrienoic
acid, appeared to be very labile and required HPLC purification
immediately prior to the autoxidation experiments.

Autoxidation of 8,13-diHPOTE. Aliquots of 8,13-di-
HPOTE, 2 µg each, were autoxidized as a dry film for 30, 60,
and 90 min and analyzed by the RP-HPLC method with diode
array detection (Fig. 7). The 8,13-diHPOTE rapidly degraded

over the course of 90 min, but 4-HPNE was not detected
among the transformation products.

DISCUSSION

We have previously proposed a mechanism that could account
for the retention of chirality in the autoxidative transformation
of 13S-HPODE into 4S-HPNE, and, likewise, for the transfor-
mation of the hydroxy analog, 13S-HODE, into 4S-HNE, again
with retention of the configuration (17,18). Here we have tested
a crucial step of this mechanism together with a new proposal
also routed through dihydroperoxides as the key intermediate
(Fig. 1). Both mechanisms entail a Hock cleavage of a suitable
dihydroperoxide leading to two aldehyde fragments. One of
our main conclusions from the studies reported here is that di-
hydroperoxides of linoleic acid are not intermediates in the au-
toxidative pathway leading from 13S-H(P)ODE to 4S-H(P)NE.
In using our standard autoxidation conditions (under which
both 9- and 13-HPODE give rise to 4-HPNE), the synthesized
10,13- and 8,13-dihydroperoxides were not transformed into
4-HPNE in any detectable yield.

In fact, under autoxidation conditions, the 10,13-diHPODE
rearranged to the thermodynamically more stable conjugated
8,13-diHPODE. The likely pathway entails facile conversion of
the 10-hydroperoxide to a 10-peroxyl radical. The 10-peroxyl is
then readily cleaved to a carbon radical and molecular oxygen
(β-fragmentation), followed by rotation of the carbon chain into
the trans configuration, reoxygenation at C-8, and trapping as the
8,13-diHPODE (17). This rearrangement is particularly favored
when the peroxyl resides in a bis-allylic carbon, C-10 in this ex-
ample. The 8,13-diHPODE with a trans,trans conjugated diene
is found as an autoxidation product from 13-HPODE, and it
likely arises via formation of a C-10 peroxyl, rather than a 10-
hydroperoxide. Study of the on-off rates for molecular oxygen
onto the different positions of an activated pentadiene radical
shows that the off reaction (β-fragmentation) at the bis-allylic
position is 5000 times faster than at the 1- and 5-positions (26).
This means that the bis-allylic hydroperoxide is unlikely to be
detectable unless in the presence of an efficient peroxyl trapping
agent such as α-tocopherol.

The Hock reaction is catalyzed by protic or Lewis acids and
involves migration of one of the alkyl groups to the protonated
hydroperoxy oxygen followed by loss of water. The resulting
hemiacetal is unstable, adds back water, and hydrolyzes into
the two fragments (15,16). Hock cleavage of alkyl hydroper-
oxides can also occur by thermal decomposition in the GC in-
jection port (27), or it can be induced by the presence of silver
ions in LC–MS (24). In accord with the proposed mechanism
of Hock cleavage, we found that 10,13-diHPODE is trans-
formed into 4-HPNE when a small amount of acid is present in
the autoxidation reactions. The observed cleavage is compati-
ble with the Hock mechanism and shows that the proposed
pathway is a conceivable possibility under certain experimen-
tal conditions.

Under our standard autoxidation conditions of a thin film of
hydroperoxide starting material, 13-HPODE is observed to
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FIG. 7. Autoxidation of 8,13-dihydroperoxyoctadecatrienoic acid (di-
HPOTE). Aliquots of 8,13-diHPOTE, 2 µg each, were analyzed (A) be-
fore and (B) after 90 min of autoxidation at 37°C as a dry lipid film. The
reactions were analyzed using a Waters Symmetry C18 column (0.46 ×
25 cm) eluted with methanol/water/HOAc (70:30:0.01, by vol) at a flow
rate of 1 mL/min with monitoring using a diode array detector. The
chromatograms shown were recorded at 220 nm. The asterisk (*) marks
the retention time of 4-HPNE. For other abbreviation see Figure 1; for
manufacturer see Figure 3.



cleave between the 9,10 and the 12,13 carbons to give rise to
C9 and C12 4-hydroperoxyalkenals, respectively, and 9-
HPODE also gives C9 and C12 products through directly
equivalent reactions (17). Addition of 5% α-tocopherol was
observed to block the 9,10 cleavage from 13-HPODE (and the
equivalent reaction from 9-HPODE), yet formation of aldehyde
products resulting from a chain cleavage next to the hydroper-
oxide was still observed (17). The α-tocopherol-insensitive
route to 4-hydroperoxyalkenals has yet to be explained, and
under these conditions a Hock cleavage remains as a theoreti-
cal possibility, accounting for a slow rate of aldehyde forma-
tion over time without the catalytic acceleration by acid.

Finally, we have shown that the methyl ester derivative of
13-HPODE is an equally efficient precursor for 4-HPNE for-
mation as the free acid 13-HPODE. Therefore, the fatty acid
carboxylate does not act as the “acid” catalyzing a Hock reac-
tion. We conclude that the significance of using the methyl
ester derivatives compared with the free carboxylate of the fatty
acid starting materials is mechanistically negligible because
both show similar product patterns during autoxidation. A free
carboxylate group or another form of acid catalysis is not re-
quired for H(P)NE formation. This was shown here for the
methyl esters but can equally be expected for cholesterol es-
ters, phospholipids, and other physiologically relevant esters of
polyunsaturated fatty acids.
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ABSTRACT: Oxylipins are associated with important processes
of the fungal life cycle, such as spore formation. Here, we report
the formation of FA metabolites in Agaricus bisporus. Incubation
of a crude extract of lamellae with linoleic acid (18:2) led to the
extensive formation of two oxylipins. They were identified as
8(R)-hydroxy-9Z,12Z-octadecadienoic acid (8-HOD) and
8(R),11(S)-dihydroxy-9Z,12Z-octadecadienoic acid (8,11-
diHOD) by using RP-HPLC, GC–MS, IR, GC–MS analysis of di-
astereomeric derivatives, and 1H NMR and 13C NMR spec-
troscopy. Neither compound has been reported before in A. bis-
porus. Oleic (18:1), α-linolenic (18:3n-3), and γ-linolenic
(18:3n-6) acids were converted into their 8-hydroxy derivatives
as well, and 18:3n-3 was further metabolized to its 8,11-diol de-
rivative. Reactions with [U-13C]18:2 demonstrated that the com-
pounds 8-HOD and 8,11-diHOD were formed from exogenously
supplied 18:2. When [U-13C]8-HOD was supplied, it was not
converted into 8,11-diHOD, indicating that it was not an inter-
mediate in the formation of 8,11-diHOD. When a crude extract
of A. bisporus was incubated under an atmosphere of 16O2/18O2,
the two hydroxyl groups of 8,11-diHOD contained either two
18O atoms or two 16O atoms. Species that contained one of each
isotope could not be detected. We propose that the formation of
the 8,11-dihydroxy compounds occurs through either an 8,11-
endoperoxy, an 8-peroxo free radical, or an 8-hydroperoxy inter-
mediate. In the latter case, the reaction should be catalyzed by
dioxygenase with novel specificity.

Paper no. L9807 in Lipids 40, 1163–1170 (November 2005).

The metabolism of FA is a central feature in all biological sys-
tems, including animals, plants, and fungi. An important class

of enzymes involved in FA metabolism is the dioxygenases,
which include lipoxygenases, prostaglandin H synthases, and
linoleate diol synthases (1). Lipoxygenases are nonheme-
iron-containing proteins that catalyze the regio- and stere-
ospecific insertion of oxygen in PUFA with one or more
1Z,4Z-pentadiene systems, thus forming 1(S)-hydroperoxy-
2E,4Z-pentadiene derivatives. Secondary metabolites of these
hydroperoxides have a wide variety of functions. Prostaglan-
din H synthases are ferric heme proteins that exist in verte-
brates and presumably in corals (2). They catalyze two se-
quential reactions: (i) the double dioxygenation and cycliza-
tion of arachidonic acid by forming an endoperoxide function
and (ii) the reduction of the remaining hydroperoxide (3). The
reaction products are involved in a variety of biological func-
tions. Linoleate diol synthases contain heme-iron and have
two related enzyme activities, namely, (i) the dioxygenation
of the C8 of 18:2 (linoleic acid) and (ii) the isomerization of
the hydroperoxide group into 7,8-dihydroxy linoleic acid.
This 7,8-linoleate diol synthase has been reported only in
fungi, and its amino acid sequence is homologous to prosta-
glandin H synthases (1,4).

Despite the enormous number (over 1.5 million) of known
species in the fungal kingdom, fungal FA metabolism has re-
ceived relatively little attention. In several species, lipoxyge-
nases have been reported that have activities similar to the plant
and mammalian enzymes (5–9). However, some of the dioxy-
genating enzymes and intermediates differ remarkably from
the FA metabolites present in plants and mammals. For in-
stance, the lipoxygenase that is proposed to catalyze the forma-
tion of 1-octen-3-ol, the typical mushroom flavor, has an un-
usual specificity. It should convert the pentadiene system into a
4-hydroperoxy-1Z,5E pentadiene derivative, but the mecha-
nism of this reaction is still unclear (10,11). Also, a nonheme-
manganese lipoxygenase has been reported that converted the
pentadiene system into a 3(S)-hydroperoxy-1Z,4Z pentadiene
derivative (12).

A growing number of oxygenated FA and their secondary
metabolites are being identified as products of fungal FA me-
tabolism. Also, fungal dioxygenases seem to possess novel
specificities compared with their plant and mammalian coun-
terparts. As part of a study on fungal FA metabolism, we have
carried out an investigation into the capacity of Agaricus bis-
porus to transform polyunsaturated long-chain FA.
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MATERIALS AND METHODS

Materials. All chemicals used were commercially obtained and
were of analytical grade. 18:1 (oleic acid, 99% pure), 18:2
(99% pure), 18:3n-3 (α-linolenic acid, 99% pure), 18:3n-6 (γ-
linolenic acid, 99% pure), and Z-vaccenic acid (11Z-octade-
cenoic acid, 99% pure) were obtained from Sigma (St. Louis,
MO). [U-13C]18:2 (99% pure) was obtained from Isotec
(Matheson Trigas, Irving, TX). Solutions of 30 mM FA were
stored in methanol under N2 at −20°C until use. 2(S)- and
2(R,S)-hydroxynonanoic acids as well as 2(S)- and 2(R,S)-hy-
droxy-1,9-nonanedioic acids were purchased from Larodan
Fine Chemicals (Malmö, Sweden). Cysteine, glutathione, and
glutathione peroxidase were purchased from Acros (Fairlawn,
NJ) and Sigma. 18O2 (500 mL) was 99.51% pure.

Three types of mushrooms (A. bisporus, Lentinus edodes,
and Pleurotus ostreatus) were purchased from a local super-
market and stored at 4°C until use. An additional three types
(Piptoporus betulinus, Tricholoma fulvum, and Tricholoma
flavovirens) were picked in a local forest and identified on the
guidance of a fungi handbook.

Preparation of crude extracts of lamellae. Lamellae were
separated from the cap and homogenized directly with 1 mL
buffer (50 mM sodium phosphate, pH 6.5)/g lamellae in a com-
mercial Waring blender and centrifuged at 4°C, 2500 × g, for
20 min. The supernatant (crude extract) was filtered through
cheesecloth and used immediately or after boiling in a water
bath for 10 min as a control for enzyme activity.

Extraction and purification of FA products.  Typically, 4 mL
phosphate buffer (50 mM, pH 6.5) was mixed with 1 mL crude
extract, rigorously stirred, and incubated with 120 µM substrate
for 30–45 min at room temperature under a continuous flow of
O2. In some cases, cysteine (250 µM) or glutathione (1 mM)
and glutathione peroxidase (2 or 8 U/mL) were added at the
start of the incubation. For the large-scale production of 18:2
metabolites, reactions were carried out with 100 mL crude ex-
tract and 400 mL phosphate buffer. Incubations under an at-
mosphere of 16O2/18O2 were carried out after repeated evacua-
tion and purging of the reaction vessel containing the dissolved
substrate with nitrogen. The experimental atmosphere had an
18O2/16O2 ratio of either 6:1 (vol/vol) or 3:2 (vol/vol). FA and
reaction products were recovered directly by solid-phase ex-
traction (SPE; Oasis HLB, 200 mg; Waters, Milford, MA). The
eluate was concentrated under N2 and analyzed by RP-HPLC.
Analysis by GC–MS of the reaction products as trimethylsilyl
(TMS) ethers of methyl derivatives was performed as described
previously (13). The FA methylation reagent was dia-
zomethane. For GC–MS analysis, samples were analyzed be-
fore and after hydrogenation. Endogenously present oxylipins
were extracted from frozen mushrooms according to the
method of Bligh and Dyer using dichloromethane instead of
chloroform (14).

Characterization of FA products.  IR spectral analysis was
carried out by means of diffuse reflectance (DRIFT) spec-
troscopy. Samples were prepared by slowly evaporating a few
droplets of the concentrated eluate at 40°C onto powdered KBr

in a DRIFT cup. Similarly, solutions of methyl 18:1 and methyl
18:2 in methanol were used for reference purposes. Blank KBr
exposed to a few droplets of pure methanol was used as the
background. After evaporation, the cups were transferred to a
DRIFT accessory (Spectra-tech) in a Perkin-Elmer-2000 FTIR
spectrometer. Spectra were recorded by accumulating 25 scans
at an optical resolution of 4 cm−1. All spectra were converted
into Kubelka–Munk units prior to interpretation.

1H NMR spectra were recorded at 300 K with a Bruker
AMX 500 (500 MHz) spectrometer; δH values are given in
ppm relative to the signal for internal TMS (δH = 0, CDCl3). 2-
D 1H-1H total correlation spectroscopy (TOCSY) (mixing
times 7 and 100 ms) and 1H-13C heteronuclear single quantum
correlation (HSQC) spectra were recorded at 300 K with a
Bruker AMX 500 (500 and 126 MHz).

Stereoconfiguration of the reaction products from 18:2 was
determined by the formation of methyl (−)-menthoxycarbonyl
(MC) derivatives followed by oxidative ozonolysis and methyl
esterification (15). Methyl 8(R),11(S)-dihydroxy-9Z,12Z-octa-
decadienoic acid (8,11-diHOD, approx. 1 mg) was dissolved in
ethyl acetate (3 mL) and stirred for 20 min under hydrogen gas
in the presence of palladium-on-calcium carbonate (5 mg) (12).
An aliquot of the partially hydrogenated material was deriva-
tized with trimethylchlorosilane (trimethylchlorosilane/hexam-
ethyldisilazane/pyridine 1:1:5, by vol), and the resulting TMS
ethers of methyl derivatives were analyzed by using GC–MS.
GC was performed with a Hewlett-Packard model 5890 gas
chromatograph equipped with a methylsilicone capillary col-
umn (length, 25 m; film thickness, 0.33 µm; Agilent Technol-
ogies, Wilmington, DE). Helium was used as the carrier gas at a
flow rate of 25 cm/s. For analysis of the methyl MC derivatives,
the start temperature was either 190°C and increased by
2°C/min (analysis of methyl MC 2-hydroxynonanoates) or
210°C and increased by 3°C/min (analysis of dimethyl MC 2-
hydroxy-1,9-nonanedioates). Under the conditions used, the
MC derivative of methyl 2(S)-hydroxynonanoate eluted with a
shorter retention time (11.80 min) compared with the corre-
sponding derivative of the methyl 2(R)-hydroxy compound
(11.94; separation factor, 1.01). In the same way, the MC deriv-
ative of dimethyl 2(S)-hydroxy-1,9-nonanedioate eluted with a
shorter retention time (11.56 min) than the MC derivative of the
dimethyl 2(R)-hydroxy compound (11.67 min; separation fac-
tor, 1.01). GC–MS of the methyl MC derivatives was carried
out with a Hewlett-Packard model 5970B mass selective detec-
tor connected to a Hewlett-Packard model 5890 gas chromato-
graph equipped with a 5% phenylmethylsiloxane capillary col-
umn (12 m; film thickness, 0.33 µm; Agilent Technologies). The
start temperature was 120°C and was increased by 10°C/min.

RESULTS

RP-HPLC analysis. A crude extract of the lamellae of A. bis-
porus was incubated with 18:2, and the reaction mixture was
extracted with SPE and analyzed by RP-HPLC. A typical
HPLC chromatogram is shown in Figure 1. Incubation with
18:2 resulted in two large peaks and a smaller one appearing in
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the HPLC chromatogram. Peak 2 (Fig. 1) had a retention time
of 11.9 min, and peak 3 (Fig. 1) had a retention time of 14.5
min. Both had absorbance at 200 nm. Peak 1 (Fig. 1), at a 6.1

min retention time, contained a compound with λmax at 220 nm,
characteristic of a conjugated oxo-ene in methanol. Reference
compounds of dihydroxy FA reaction products had retention
times of 11–12 min, whereas the monohydroxy FA references
eluted between 13 and 15 min.

Minor amounts of regioisomeric, dihydroxy, and monohy-
droxy FA were also separated in the subsequent GC–MS analy-
sis of the RP-HPLC peaks. Several had a λmax at 234 nm, char-
acteristic of a conjugated diene dissolved in methanol.

GC–MS. Dihydroxy and monohydroxy FA reaction prod-
ucts were fractionated on HPLC and after derivatization were
further investigated with GC–MS. Structures of oxygenated FA
were deduced from the spectra of the TMS ethers of methyl hy-
droxy and dihydroxy compounds. In some cases, reaction prod-
ucts were also hydrogenated.

(i) Analysis of monohydroxy FA. In the GC chromatogram
of the hydrogenated monohydroxy FA as TMS ethers of methyl
derivatives, one prominent peak was present. The MS identi-
fied it as a TMS ether of the methyl of 8-hydroxyoctadecanoate
in view of the prominent fragment at m/z 245, which was pro-
duced by cleavage between C9 and C8 toward the carboxylic
headgroup (Table 1).

GC–MS analysis of the corresponding nonhydrogenated
monohydroxy FA as TMS ethers of methyl derivatives revealed
that the TMS ether of methyl 8-hydroxyoctadecanoate was de-
rived from the TMS ether of methyl 8-hydroxy-9,12-octadeca-
dienoate (Table 1). Thus, the monohydroxy FA, peak 3 (Fig.
1), was identified as 8-hydroxy-9,12-octadecadienoic acid (16).

Furthermore, minor amounts (5–10% as estimated from the
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FIG. 1. RP-HPLC chromatogram (λ = 200 nm) of the reaction of a crude
extract of Agaricus bisporus lamellae and linoleic acid (18:2). Indicated
are peak 1 [10-oxo-8E-decenoic acid (10-ODA)], peak 2 [8,11-diHOD,
8(R),11(S)-dihydroxy-9Z,12Z-octadecadienoic acid (8,11-diHOD)], and
peak 3 [8(R)-hydroxy-9Z,12Z-octadecadienoic acid (8-HOD)], the
major FA metabolites. RP-HPLC analysis and purification of the FA
products was carried out on a Cosmosil 5C18-AR (5 µm; 250 × 4.6 mm
i.d.; Nacalai Tesque, Kyoto, Japan) reversed-phase column using a gra-
dient system [solvent A: methanol/water/acetic acid (50:50:0.01, by
vol); solvent B: methanol/water/acetic acid (95:5:0.01, by vol)] with the
following gradient program: 100% solvent A for 1 min, followed by a
linear increase of solvent B up to 100% within 10 min, and finally an
isocratic postrun at 100% solvent B for 10 min. The flow rate was 1
mL/min.

TABLE 1
Characteristic Mass Fragments of (hydrogenated) Trimethylsilyl (TMS) Ethers of Methylated Agaricus bisporus
Metabolites of 18:2 (mass fragment; relative abundance)a

Hydrogenated (m/z) Nonhydrogenated (m/z)

Mass identity 8-HOD 8,11-diHOD 8-HOD 8,11-diHOD 8-HOM

M+ 386 (<1) — 382 (< 1) 470 (< 1) 384 (< 1)
M+ − CH3 371 (<1) — 367 (1) 455 (1) 369 (1)
M+ − CH3O 355 (1) — — 439 (1) 353 (< 1)
M+ − CH3OO 339 (3) — 335 (< 1) — 337 (2)
M+ − TMSOH — 384 (<1) 292 (7) 380 (8) 294 (3)
F1 245 (44)a 375 (<1)b 271 (4)c 399 (< 1)d 245 (30)a

F1 − TMSOH — 285 (57) — 309 (3) —
F2 243 (28)e 331 (3)f 239 (27)g 327 (35)h 241 (10)i

F2 − TMSOH — 241 (54) — 237 (42) 151 (27)
F3 — 245 (55)a — 245 (58)a —
F3 − TMSOH — — — — —
F4 — 201 (58)j — — —
F4 − TMSOH — — — — —
TMS+ 73 (100) 73 (100) 73 (100) 73 (100) 73 (100)
aGC–MS analyses were performed under conditions similar to those described in the legend to Figure 2. aCleavage be-
tween C8 and C9; TMSO+ = CH–(CH2)6–COOCH3. bCleavage between C11 and C12; TMSO+ =
CH–(CH2)2–(TMSO–CH)–(CH2)6–COOCH3. cCleavage between C10 and C11; +CH=CH–(TMSO–CH)–(CH2)6–COOCH3.
dCleavage between C13 and C14; +CH=CH–(TMSO–CH)–CH=CH–(TMSO–CH)–(CH2)6–COOCH3. eCleavage between C7
and C8; TMSO+ = CH–(CH2)9–CH3. fCleavage between C7 and C8; TMSO+ = CH–(CH2)2–(TMSO–CH)–(CH2)6–CH3. gCleav-
age between C7 and C8; TMSO+ = CH–CH=CH–CH2–CH=CH–(CH2)4–CH3. hCleavage between C7 and C8; TMSO+ =
CH–CH=CH–(TMSO–CH)–CH=CH–(CH2)4–CH3. iCleavage between C7 and C8; possibly TMSO+ =
CH–(CH2)3–CH=CH–(CH2)4–CH3. jCleavage between C10 and C11; TMSO+ = CH–(CH2)6–CH3. 8-HOD, 8(R)-hydroxy-
9Z,12Z-octadecadienoic acid; 8,11-diHOD, 8(R),11(S)-dihydroxy-9Z,12Z-octadecadienoic acid; 8-HOM, 8-hydroxy-
octadecaenoic acid.



peak intensity by GC–MS) of other monohydroxides, namely, the
TMS ether of methylated 10-hydroxy-8E,12E-octadecadienoic
acid (10-HOD), the TMS ether of methyl 9-hydroxy-10E,12Z-
octadecadienoate, and the methylated TMS ether of 13-hydroxy-
9Z,11E-octadecadienoate (data not shown), were observed in the
GC chromatogram as a portion of RP-HPLC peak 3. Interestingly,
another monohydroxy compound, namely, 8-hydroxy-octade-
caenoic acid (8-HOM), was identified by GC–MS of the TMS
ether of its methyl derivative (Table 1). Originally, the compound
contained two double bonds (9Z and 12Z). One double bond (9Z)
appeared to be hydrogenated by an A. bisporus homogenate.
Most likely, the remaining double bond was still 12Z.

(ii) Analysis of dihydroxy FA. Hydrogenated dihydroxy FA
as TMS ethers of methyl derivatives were separated by using
GC, and one dominant peak was present in the chromatogram.
The MS showed four ion peaks stemming from cleavages
around the two oxygenated C atoms, thereby indicating the
presence of a TMS ether of methyl 8,11-dihydroxyoctade-
canoate (Table 1, Fig. 2) Comparison of spectra from the hy-
drogenated and nonhydrogenated samples showed that the
TMS ether of methyl 8,11-dihydroxyoctadecanoate was de-
rived from the TMS ether of methyl 8,11-dihydroxy-9,12-oc-
tadecadienoate. This was evidenced by the molecular ion at m/z
470 and by the characteristic fragments resulting from cleav-
age around the double bonds and the oxygenated C atoms
(Table 1, Fig. 2). Thus, the major dihydroxy FA product in peak
2 (Fig. 1) proved to be 8,11-dihydroxy-9,12-octadecadienoic
acid.

In addition, small amounts (5–10% as estimated from peak
intensity on GC–MS) of 8,9-dihydroxy-10,12-octadecadienoic
acid and 8,13-dihydroxy-9,11-octadecadienoic acid were
formed (data not shown).

Furthermore, peak 1 (Fig. 1) was characterized by using
GC–MS as its methyl ester. Its MS was compared with reported
data, and the compound was identified as 10-oxo-8E-decenoic
acid (10-ODA) (17,18).

IR spectroscopy. The Z configuration of the double bonds in
methyl 8-hydroxy-9,12-octadecadienoate as well as in methyl
8,11-dihydroxy-9,12-octadecadienoate was proved by DRIFT
spectroscopy analysis. Both compounds exhibited absorption
bands characteristic of the Z configuration, i.e., a =C–H stretch-
ing vibration around 3005 cm−1, a C=C stretching at 1655 cm−1,
and a =C–H out-of-plane bending vibration at about 690 cm−1.
In agreement with this assignment, bands typical of an E dou-
ble-bond geometry at 3025, 1675, and 965 cm−1 were absent in
the spectra of both products.

Steric analysis. Stereoconfiguration of the hydroxyl groups
in 8-hydroxy-9Z,12Z-octadecadienoic acid and in 8,11-dihy-
droxy-9Z,12Z-octadecadienoic acid were analyzed as the
methyl MC derivatives of the FA.

(i) Steric analysis of methyl 8-hydroxy-9Z,12Z-octadeca-
dienoate. Methyl 8-hydroxy-9,12-octadecadienoate (approx.
0.5 mg) was derivatized with MC chloride and the MC deriva-
tive was isolated by TLC. The material obtained was subjected
to oxidative ozonolysis, and the methyl-esterified product was
analyzed by GC. A main peak was observed that coeluted with
the MC derivative of dimethyl 2(R)-hydroxy-1,9-nonanedioate,
whereas less than 3% of the 2(S)-derivative was present. Ac-
cordingly, C8 of the degraded oxylipin had an R configuration
(Fig. 3).

(ii) Steric analysis of methyl 8,11-dihydroxy-9,12-octadeca-
dienoate. Methyl 8,11-dihydroxy-9Z,12Z-octadecadienoate was
partially hydrogenated and analyzed as its TMS ether derivative.
Four main peaks were observed, designated A–D. Peak A (12.55
min; 49%) corresponded to the TMS ether of the starting methyl
8,11-dihydroxyoctadecadienoate, whereas peak D (13.06 min,
11%) was due to the fully hydrogenated derivative, i.e., the TMS
ether of methyl 8,11-dihydroxyoctadecanoate. The mass spectra
of peak B (12.68 min; 20%) showed prominent ions at m/z 373
[M+ − (CH2)6CH3], 329 [M+ − (CH2)6COOCH3], 283 [373 −
TMSOH], and 239 [329 − TMSOH] that originated from the
TMS ether derivative of methyl 8,11-dihydroxy-9-octade-
cenoate. Peak C (12.80 min; 20%) showed ions at m/z 457 [M+

− CH3], 245 [TMSO+ = CH−(CH2)6COOCH3], and 199
[TMSO+ = CH−CH=CH-(CH2)4CH3; base peak] and repre-
sented the TMS ether derivative of methyl 8,11-dihydroxy-12-
octadecenoate. The above-mentioned mixture of FFA was con-
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FIG. 2. MS and fragmentation patterns of (A) the trimethylsilyl (TMS)
ether of fully hydrogenated methyl 8,11-diHOD, and (B) the TMS ether
of methyl 8,11-diHOD. GC–MS analysis was performed on a Carlo Erba
gas chromatograph 8060 equipped with a Fisons MD800 MassLab spec-
trometer equipped with a column (30 m AT-1 × 0.25 mm × 0.25 µm;
Alltech, Deerfield, IL). The column temperature was held at 140°C for 2
min, then allowed to rise from 140 to 280°C at 6°C/min, and then held
at this temperature for 2 min. MS was performed in positive ion EI mode
over a mass range of 50–500 Da and electron ionization at 70 eV. For
abbreviations see Figure 1.

FIG. 3. Structures of the main products of the incubations of 18:2 with
A. bisporus: 8-HOD and 8,11-diHOD. For abbreviations see Figure 1.



verted into MC derivatives, fractionated by TLC, and subjected
to oxidative ozonolysis. The methyl-esterified product was ana-
lyzed by GC. Peaks were observed coeluting with the MC deriv-
ative of methyl 2(S)-hydroxynonanoate [less than 3% of the
2(R)-isomer] and with the MC derivative of dimethyl 2(R)-hy-
droxy-1,9-nonanedioate [less than 3% of the 2(S)-isomer], re-
spectively. The former component was formed by cleavage of
the double bond of methyl 8,11-dihydroxy-9-octadecenoate, and
the latter fragment was from methyl 8,11-dihydroxy-9-octade-
cenoate and also from unhydrogenated methyl 8,11-dihydroxy-
9,12-octadecadienoate. We concluded that C11 of the degraded
oxylipin had an S configuration and that C8 had an R configura-
tion (Fig. 3).

Thus, the two main metabolites from the reaction of 18:2
with a crude extract of A. bisporus lamellae were identified as
8(R)-hydroxy-9Z,12Z-octadecadienoic acid (8-HOD) and
8(R),11(S)-dihydroxy-9Z,12Z-octadecadienoic acid (8,11-
diHOD), respectively.

1H NMR and 1H-13C HSQC spectra. The identification of
methyl 8-HOD and methyl 8,11-diHOD was further confirmed
by recording 1H NMR, 1H-1H TOCSY, and 1H-13C HSQC
spectra (Tables 2, 3).

The question arose whether the formation of these com-
pounds was specific to A. bisporus. Therefore, we randomly
tested several other mushroom species. In all species, one or both
of these metabolites were formed as well: Upon 18:2 incubation,
P. betulinus, T. fulvum, T. flavovirens, L. edodes, and P. Ostreatus
formed 8-HOD, as identified by RP-HPLC and GC–MS. Tri-
choloma fulvum and L. edodes formed both 8-HOD and 8,11-
diHOD, as evidenced by RP-HPLC and GC–MS.

Enzyme characteristics. Boiling the crude extract prior to
incubation resulted in a complete loss of activity. In the corre-
sponding RP-HPLC chromatogram, peaks 1, 2, and 3 disap-
peared completely (data not shown). Since the energetically un-
favorable Z configuration was retained and the product was chi-
ral, it is likely that 8-HOD and 8,11-diHOD were formed by an
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TABLE 2
Relevant Resonances in the 1H NMR Spectrum of Methyl 8-HODa

Coupling constant 3

CDCl3 δ (J = Hz) Protons Assignment

0.90 t (H18, H17) = 6.9 3H C18H3
b

1.36 m 14H C4H2C5H2C6H2C7H2 and C15H2C16H2C17H2
1.61 m 2H C3H2
2.07 d,t (H14, H13) = 7.2 2H C14H2

(H14, H15) = 7.2
2.31 t (H2, H3) = 7.6 2H C2H2
2.85 m 2H C11H2
3.67 s 3H OCH3
4.46 dt (H8, H9) = 8.3 1H C8H

(H8, H7) = 6.4
5.40 m 4H C9HC10HC11H2C12HC13H
aThe spectrum was recorded at 500 MHz, in CDCl3, and assigned by using 2-D 1H-1H total correlation spectroscopy and
1H-13C heteronuclear single-quantum correlation (500 and 126 MHz, CDCl3). 13C resonances: δ = 133.0 (C-9), δ = 131.2
(C-13), δ = 130.7 (C-10), δ = 127.3 (C-12), δ = 67.8 (C-8), δ = 51.6 (OCH3), δ = 37.5 (C-7), δ = 34.2 (C-2), δ = 31.7 (C-16),
δ = 29.3 (C-4, C-5, C-15), δ = 27.3 (C-14), δ = 26.1 (C-11), δ = 25.2 (C-6), δ = 25.0 (C-3), δ = 22.1 (C-17), δ = 14.1 (C-18).
bThe protons involved are printed in boldface type. For abbreviation see Table 1.

TABLE 3
Relevant Resonances in the 1H NMR Spectrum of Methyl 8,11-diHODa

Coupling constant 3

CDCl3δ (J = Hz) Protons Assignment

0.90 t (H18, H17) = 6.6 3H C18H3
b

1.37 m 14H C4H2C5H2C6H2C7H2 and C15H2C16H2C17H2
1.61 m 2H C3H2
2.07 m 2H C14H2
2.31 t (H2, H3) = 7.5 2H C2H2
3.67 s 3H OCH3
4.46 dt (H8, H9) = 6.8 1H C8H

(H8, H7) = 6.4
5.31 dd (H11, H12) = 7.8 2H C11H

(H11, H10) = 7.8
5.53 m 4H C9HC10HC11H2C12HC13H
aThe spectrum was recorded under the same conditions as described at Table 2. 13C resonances: δ = 134.9 (C9), δ = 133.1
(C13), δ = 130.7 (C10, C12), δ = 68.0 (C8), δ = 63.9 (C11), δ = 51.6 (OCH3), δ = 36.9 (C7), δ = 34.0 (C2), δ = 31.6 (C16), δ
= 29.3 (C4, C5, C15), δ = 27.5 (C14), δ = 25.2 (C6), δ = 24.6 (C3), δ = 22.3 (C17), δ = 14.2 (C18). bThe protons involved
are printed in boldface type. For abbreviation see Table 1.



enzymatic reaction. Their syntheses were found to occur in the
eluate after filtration through a 0.22-µm filter. Therefore, we
expected that 8-HOD and 8,11-diHOD were formed by a cy-
tosolic enzymatic reaction (19).

Minute amounts (about 1 au by RP-HPLC) of endogenous
8-HOD and 8,11-diHOD were present in mushrooms extracts
obtained by the method of Bligh and Dyer (14). Directly after
blending and centrifugation, only minor amounts (around 10
au on RP-HPLC) of the metabolites were present. In a reaction
without added substrate, 8-HOD and 8,11-diHOD were also
formed (around 60 au on RP-HPLC) but to a lesser extent than
in a reaction with added substrate (about 100 au on RP-HPLC)
and arose from the presence of free endogenous 18:2. Incuba-
tion with [U-13C]18:2 showed that products represented a mix-
ture of converted 18:2 from endogenous and exogenous
sources. The conversion of exogenously supplied 18:2 was
about 60% of the total conversion, as judged by the ratio of
13C-labeled fragments to unlabeled fragments by using
GC–MS.

Incubation with [U-13C]18:2 was performed to study the
connection between 18:2 and its metabolites. Analysis by
GC–MS showed that incubation with [U-13C]18:2 resulted in
the formation of labeled 8-HOD, labeled 8,11-diHOD, and la-
beled 8-HOM. Also, unlabeled 8-HOD, 8,11-diHOD, and 8-
HOM were formed. Incubation with labeled [U-13C]8-HOD re-
sulted in the formation of labeled and unlabeled 8-HOM; how-
ever, only unlabeled 8,11-diHOD could be detected. This
indicates that 8-HOD was most likely not an intermediate in
the formation of 8,11-diHOD. To evaluate whether 8,11-
diHOD may be formed through a hydroperoxy or endoperoxy
intermediate, experiments were carried out in the presence of a
reducing agent (250 µM cysteine or 1 mM glutathione and glu-
tathione peroxidase, 2 or 8 U/mL). In such a reducing environ-
ment, hydroperoxides and endoperoxides are reduced to hy-
droxides, but the amount and the ratio 8-HOD to 8,11-diHOD
remained unchanged. Also, during time-based experiments (t =
0, 2, 4, 6, 8, 10, 15, 20, 25, and 30 min), no change in the ratio
of 8-HOD to 8,11-diHOD was observed. When 8,11-diHOD
was isolated and characterized after incubation under an atmos-
phere of 16O2/18O2, the hydroxyl groups of 8,11-diHOD con-
tained either two atoms of 16O or two atoms of 18O. Species
containing one of each isotope could not be detected. This find-
ing indicated that the two hydroxyl groups were derived from
the same molecule of gaseous oxygen. Therefore, the interme-
diate in the formation of 8,11-diHOD was possibly an 8,11-en-
doperoxy, an 8-peroxo free radical, or an 8-hydroperoxy inter-
mediate. However, experiments in the presence of a reducing
agent failed to confirm the presence of such intermediates.

Substrate requirements for the 8- and 8,11-hydroxylating ac-
tivity were studied by adding various substrates to the ho-
mogenate and analyzing the reaction products by using RP-
HPLC and GC–MS. 18:1, 18:3n-3, and to a limited extent 18:n-
6 were converted into 8-hydroxylated derivatives. However,
Z-vaccenic acid was not metabolized. Only 18:3n-3 was also
converted into 8,11-dihydroxy-9,12,15-octadecatrienoic acid
(8,11-diHOT). Apparently, a 9Z double bond, with no other

double bond toward the carboxylic headgroup, is necessary for
the 8- and 8,11-hydroxylating activity.

DISCUSSION

The main finding of the present study was the formation of
novel oxygenated products from 18:2 when incubated with a
crude extract of A. bisporus lamellae. The major reaction prod-
ucts were two oxylipins, identified as 8-HOD and 8,11-diHOD.
Analysis by using IR showed that all double bonds had re-
mained in the Z configuration. Steric analysis showed that the
hydroxyl group at the C8 position in 8-HOD and 8,11-diHOD
had an R configuration and that the hydroxyl group at C11 in
8,11-diHOD had an S configuration. These identifications were
further confirmed by 1H NMR and 1H-13C HSQC spectra. Re-
peating the reaction with [U-13C]18:2 demonstrated that these
compounds were formed from exogenously supplied linoleic
acid. A crude extract supplied with [U-13C]8-HOD did not con-
vert it into 8,11-diHOD. This suggests that 8-HOD, as such,
was not an intermediate in the formation of 8,11-diHOD. Incu-
bating a crude extract of A. bisporus under an atmosphere of
16O2/18O2 showed that the two hydroxyl groups of 8,11-diHOD
contained either two 18O atoms or two 16O atoms. We propose
that this reaction occurs through 8,11-endoperoxy, 8-peroxo
free radical, or 8-hydroperoxy intermediates, involving a novel
dioxygenase. The conversion of the intermediate is probably
too fast to be trapped by a reducing agent.

The formation of 8-HOD has previously been observed in
several instances, namely, the ascomycete Gaeumannomyces
graminis, a pathogen of agricultural crops (4,16); in the
oomycete Leptomitus lacteus, a sewage fungus (20); in the ba-
sidiomycete Laetisaria arvalis, a soil fungus (21); in the as-
comycete Magnaportha grisea, which causes rice blast disease
(22), and in the ascomycete Aspergillus nidulans, a seed-infest-
ing fungus (23). Upon incubation with 18:2, 8-HPOD, 8-HOD,
and 7(S),8(S)-dihydroxy-9Z,12Z-octadecadienoic acid (7,8-
diHOD) were the major reaction products formed by G.
graminis and M. grisea. This activity was assigned to a 7,8-li-
noleate diol synthase that dioxygenates 18:2 into 8-HPOD and
either isomerizes this into 7,8-diHOD or reduces it to 8-HOD
(24). This linoleate diol synthase differs from lipoxygenase in
that it contains heme-iron and abstracts the monoallylic hydro-
gen from the C8 of 18:2. This process is energetically less fa-
vorable than the abstraction of allylic hydrogen at C11 (25).
Molecular oxygen is then inserted antarafacially at C8 with no
change of the position of the double bonds (26). Lipoxygenase
abstracts a hydrogen from the allylic C11 of OD and inserts a
molecular oxygen at C9 or C13 with the formation of Z/E con-
jugated double bonds. Unlike lipoxygenases, the 7,8-linoleate
diol synthase has two secondary activities, i.e., isomerization
or reduction of the hydroperoxide formed in the first step. As-
pergillus nidulans produced 8-HOD, 5(S),8(R)-dihydroxy-
9Z,12Z-octadecadienoic acid (5,8-diHOD), and the lactone of
5,8-diHOD from 18:2 (23,27). The mechanism of this reaction
has not yet been described. In a L. lacteus homogenate, it was
demonstrated that a portion of 8,11-diHOD was among the
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many dioxygenase and monooxygenase products present (20).
It is possible that, in analogy to 7,8-diHOD in G. graminis

and M. grisea, 8,11-diHOD in A. bisporus is formed by 8,11-
linoleate diol synthase, which forms and isomerizes an 8-hy-
droperoxy intermediate. Another possibility is that, in analogy
with prostaglandin H synthases, an 8,11-endoperoxy interme-
diate is formed that in a second step is reduced to two hydroxyl
groups. However, the occurrence of such intermediates has yet
to be demonstrated.

Interestingly, in other studies on mushroom FA metabolism,
10-HOD was found to be the most prominent metabolite (11).
In these studies 10-HOD was derived from 10-HPOD, the pro-
posed intermediate in the formation of 1-octen-3-ol, and 10-
ODA (10,17). In our experiments we detected only minor
amounts of 10-HOD and 10-ODA. This indicates that this path-
way is active, but much less so than the pathway forming 8,11-
diHOD. It remains as the subject of further studies whether a
connection exists between the formation of 8-HOD and 8,11-
diHOD, and 1-octen-3-ol and 10-ODA.

In A. nidulans 8-HOD acts as a sporulation hormone
(27–29); 8-HOD (in some papers termed psiBα), and 5,8-
diHOD (also known as psiCα) stimulated ascospore (sexual)
and inhibited conidia (asexual) development. The lactone of
5,8-diHOD (or psiAα) had the opposite effect. In L. arvalis, 8-
HOD (or laetisaric acid) was reported to possess antifungal
properties by inducing rapid hyphal lysis of soil plant
pathogens, including Rhizoctonia solani, Phythium ultimum,
Fusarium oxysporum, and Mucor globusus (30). The functions
of 8-HOD and 7,8-diHOD in G. graminis and M. grisea and 8-
HOD and 8,11-diHOD in A. bisporus have still to be estab-
lished. It is interesting to note that when added to human white
blood cells in vitro, 8-HOD attenuated leukotriene B4 forma-
tion (31).

The results presented here extend previous studies per-
formed on the formation of oxylipins in fungi in general and A.
bisporus in particular. This is the first time that extensive for-
mation of 8-HOD and 8,11-diHOD is reported and that a com-
plete structural elucidation, including stereoconfiguration, is
described. We demonstrated the formation of these compounds
in several different mushroom families, indicating that these
kinds of oxylipins may be general to fungal species. To facili-
tate characterization of this novel dioxygenating activity, more
detailed experiments are required, most importantly, the isola-
tion, purification, and cloning of the enzyme.
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ABSTRACT: I-Tiao-Gung, Glycine tomentella, has been used
extensively as a traditional herbal medicine to relieve physical
pain, but its bioactivity has not been studied systematically.
Ninety-five percent ethanol extracts of G. tomentella (GT-E)
showed antioxidant activity in human plasma by prolonging the
lag phase (+Tlag) of Cu2+-induced LDL oxidation and were dose
dependent. The +Tlag of LDL combined with 3.2 µg/mL GT-E was
similar to that with 2.0 µM (ca. 0.5 µg/mL) Trolox. A similar in-
hibitory effect was found toward tilapia plasma LDL. In addition,
GT-E inhibited tilapia thrombocyte (nucleated platelet) 5-, 12-,
and 15-lipoxygenase (LOX). The IC50 values were 0.43, 0.72, and
0.42 µg/mL, respectively, whereas the IC50 values for nordihy-
droguaiaretic acid (NDGA) on 5-, 12-, and 15-LOX were 2.3, 1.6,
and 1.7 µg/mL, respectively. The IC50 value for cyclooxygenase-
2 (COX-2) inhibition by GT-E was 42.0 µg/mL, whereas the IC50
value by indomethacin as a positive control was 0.61 µg/mL. The
prevention of LDL oxidation and the dual inhibition of LOX and
COX-2 are indicative of the possible roles of I-Tiao-Gung in an-
tiatherosclerosis and anti-inflammation.

Paper no. L9794 in Lipids 40, 1171–1177 (November 2005).

Recent studies have demonstrated that atherosclerosis is a com-
plex, chronic inflammatory disease progressing from fatty le-
sions to fibrous and unstable plaques. It is the major underly-
ing cause of most coronary artery diseases (1). LDL oxidation
is actively involved in the initiation and progression of athero-
genesis (2–4). Modified or oxidized LDL is taken up by the
scavenger receptors of monocyte-derived macrophages, gradu-
ally leading to the formation of foam cells and fibrous plaques
(5).

Several oxidizing enzymes including 15-lipoxygenase (15-
LOX) and myeloperoxidase are involved in LDL oxidation
(6–10). Mammalian 15-LOX preferentially oxidizes LDL cho-
lesterol esters, forming a specific pattern of oxygenation prod-

ucts (6). A specific 15-LOX inhibitor is able to limit monocyte-
macrophage enrichment of atherosclerotic lesions. It attenuates
the development of fibrofoamy and fibrous plaque lesions in
the absence of changes in the concentration of total cholesterol
or lipoprotein cholesterol (11).

Cyclooxygenase-2 (COX-2), being an inducible protein, el-
evates in concentration in inflamed tissues (12,13). Nons-
teroidal anti-inflammatory agents achieve their therapeutic ef-
fects via the inhibition of COX-2 to reduce the formation of
prostanoids in affected tissues (14,15). In addition, arachidonic
acid is converted to other metabolites by 5-lipoxygenase (5-
LOX), which is found in cells involved in inflammatory re-
sponses (16). It catalyzes the production of the unstable com-
pound of 5-hydroperoxyeicosatetraenoate and its conversion to
leukotriene B4 (LTB4) or via a series of reactions to the cys-
teinyl leukotrienes LTC4, LTD4, and LTE4. Among these com-
pounds, LTB4 is the most significant in inflammatory re-
sponses. Elevated levels of LTB4 have been found in blood and
joint fluids from patients with rheumatoid arthritis (17). New
strategies, notably the dual inhibition of COX-2 and 5-LOX,
have been considered (15).

Antioxidants such as probucol, vitamins E and C, and
polyphenols have been used to inhibit LDL oxidation in vitro
and to significantly arrest atherogenesis in rabbits, hamsters,
mice, and nonhuman primates in vivo (18). I-Tiao-Gung
radices of Glycine tomentella Hayata and Flemingia philipine-
sis of the Leguminosae have been used extensively as an herbal
medicine in Taiwan and mainland China to treat rheumatism,
gout, arthritis, and body aches (19,20), indicative of its anti-in-
flammatory activities. These two strains of I-Tiao-Gung are
cultured in Taiwan for their claimed bioactivities. However, ex-
cept for one report on the hypolipidemic effects of I-Tiao-Gung
in the hamster (20) and our previous paper on the major bioac-
tive compounds identified (daizein, daidzin, malonyldaizin,
genistin, and glycitin; Ref. 21), no other experimental evidence
has been reported in the literature.

The purpose of this study was to verify the long-claimed
anti-inflammatory activity of I-Tiao-Gung and to assess its po-
tential effect on atherosclerosis using human recombinant
COX-2 (hCOX-2), the LOX of tilapia thrombocytes (the nu-
cleated platelets of fish) (22,23), and the Cu2+-induced oxida-
tion of tilapia LDL as indicators. In addition, the lipoproteins
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of poikilothermic animals such as fish contain high levels of
PUFA, which are susceptible to oxidative modifications. The
possible use of tilapia as an animal model to study the preven-
tive effects of herbal compounds on atherosclerosis is also eval-
uated.

MATERIALS AND METHODS

I-Tiao-Gung, the dried radix of Glycine tomentella Hayata
(GT), was purchased from Kimnen, Taiwan. Fifty grams of
dried roots was powdered by a silent cutter, then added to 95%
ethanol at a ratio of 1:10 (wt/vol) and refluxed for 2 h at 75°C.
The suspension was filtered to separate the solvent extract from
the solid material and refluxed again. The solvent extracts were
combined, the ethanol was removed under vacuum, and the ex-
tract was then freeze-dried to a powder (GT-E), which was dis-
solved in methanol for chromatographic analysis following the
method reported in our previous paper (21). The RP-HPLC
chromatogram of the GT-E used in this study is shown in Fig-
ure 1. Blood samples were obtained by venipuncture with a
blood collection needle and BD vacutainer containing sodium
heparin (Becton Dickinson, Franklin Lakes, NJ) from appar-
ently normal lipidemic students not given vitamin supplements
after an overnight fast. The whole blood was centrifuged (1000
× g) at room temperature for 10 min to remove the red blood
cells. Plasma samples were collected into polypropylene tubes
and stored at 4°C for use within a week.

LOX were isolated from the thrombocytes of tilapia (Ore-
ochromis niloticus) according to the procedure of Pan et al.
(22). The whole blood of tilapia was drawn by caudal puncture
with heparinized syringes. The erythrocytes were removed by
centrifugation at 4°C, 100 × g, for 10 min. The thrombocyte
pellets were isolated by centrifugation at 4°C, 600 × g, for 20
min. After careful removal of the plasma, the thrombocyte pel-
let was resuspended in sterile 0.05 M phosphate buffer (pH
7.4), which was used as the thrombocyte LOX solution.

hCOX-2 and hydroxyl eicosatetraenoic acids (HETE) were
purchased from Cayman (Ann Arbor, MI). Arachidonate, α-to-
copherol, 6-hydroxy-2,5,7,8-tetramethyl-chroman-2-car-
boxylic acid (Trolox), and nordihydroguaiaretic acid (NDGA)
were purchased from Sigma (St. Louis, MO). The protein assay
reagent was purchased from Bio-Rad (Richmond, CA). All
chemicals were of analytical grade.

Determination of the inhibition of LOX. The tilapia throm-
bocytes resuspended in sterile 0.05 M phosphate buffer (pH
7.4) at 20 mg protein/mL were assayed using the Bradford pro-
cedure (24) to determine LOX activity (25). Thrombocyte sus-
pensions (0.1 and 0.79 mL) of 0.05 M phosphate buffer (pH
7.0) containing 0.04% Tween 20 and different concentrations
of GT-E or NDGA (0.1 mL and 100 mM) and arachidonic acid
dissolved in 95% ethanol (10 µL) were added and mixed, then
incubated for 15 min at 25°C. The hydroperoxy FA formed
were reduced to the corresponding hydroxyl compounds
(HETE) by addition of sodium borohydride. The mixture was
acidified to pH 3 with 3 N HCl to terminate the reaction. The
hydroxyl FA were extracted with 3 mL of ethyl acetate. The
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FIG. 1. RP-HPLC chromatograms of (A) isoflavone authentic standards,
(B) a 95% ethanol extract of I-Tiao-Gung (GT-E), and (C) GT-E spiked
with the authentic compounds daidzin, malonyldaidzin, and genistein,
chromatographed on a Luna C18 column (250 × 4 mm, 5 µm particle
size; Phenomenex, Torrance, CA), eluted with mobile phase A (0.1%
acetic acid aqueous solution) and mobile phase B (0.1% acetic acid in
acetonitrile) using the following gradient program: 0–5 min isocratic of
15% B; 5–31 min, linearly increased to 31% of B; 31 min, and then to
35% in 8 min. The system was recycled to 15% B at the end of 45 min.
The flow rate was 1.0 mL/min for the first 5 min, then increased to 1.5
mL/min for the next 40 min. The UV absorbance was monitored at 262
nm (Waters 490E programmable multiwavelength detector; Waters,
Milford, MA).



solvent was removed under vacuum, and the residues were re-
constituted in 0.2 mL of methanol/water (2:1 vol/vol). Aliquots
of this solution were injected into a reversed-phase high-per-
formance liquid chromatograph with a Luna C18 column (250
× 4 mm, 5 µm particle size; Phenomenex, Torrance, CA), using
a solvent system of methanol/water/acetic acid (85:15:0.1, by
vol) at a flow rate of 1 mL/min. The absorbance at 234 nm was
monitored during the run with a Waters 490 E programmable
multiwavelength detector (Milford, MA). The retention times
and peak areas of HETE were compared with those of stan-
dards to identify the LOX isozymes and calculate their activi-
ties. The same chromatograph, coupled with a diode array de-
tector (SPD-M10A; Shimadzu, Tokyo, Japan), was used to
record the UV spectra of the thrombocyte-catalyzed products
of HETE isomers. The similarities between the HETE products
and the corresponding authentic standards were analyzed using
Class-M10A software, version 1.64 (Shimadzu, Tokyo, Japan).

LDL isolation. LDL was obtained by ultracentrifugation of
the human and tilapia blood plasma from a density range of
1.019 < d < 1.063 (adjusted with NaBr) (26). The LDL was ex-
tensively dialyzed, while avoiding light for 24 h, against 5 mM
phosphate buffer containing 125 mM NaCl (pH 7.4) at 4°C and
was used within 3 d.

Cu2+-induced LDL oxidation. The concentration of dialyzed
LDL was adjusted to 0.15 mg cholesterol/mL. The kinetics of
LDL oxidation were determined by monitoring the change in
absorbance at 232 nm (∆A232nm) and was carried out in a 96-
well microliter plate (Spectramax 190; Maxline Microplate
Reader System Devices, Sunnyvale, CA) at 25°C (26). A 100-
µL aliquot of LDL in each well was preincubated with GT-E
or Trolox for 30 min. The final volume in each well was ad-
justed to 240 µL with PBS. LDL oxidation was initiated by
adding 0.125 mM CuSO4 (10 µL) to reach a final volume of
250 µL. The ∆A232nm vs. time showed three consecutive
phases: a lag phase, a propagation phase, and a decomposition
phase. The lag phase was defined as the intercept of the tangent
drawn to the steepest segment of the propagation phase to the
horizontal axis (26).

RESULTS

Inhibition of 5-LOX and hCOX-2. Inhibitors of hCOX-2 and 5-
LOX activities may exhibit anti-inflammatory effects
(12,13,16). Tilapia thrombocytes acting on arachidonic acid re-
sulted in three products, i.e., 5-, 12-, and 15-HETE, indicating
that the tilapia thrombocytes had three forms of LOX activity
(Fig. 2). Rainbow trout thrombocytes have also shown three
derivatives from LOX-catalyzed reactions (27). Since tilapia,
mullet, and rainbow trout thrombocytes have all shown 5-,12-,
and 15-LOX activities (Table 1; Ref. 27), tilapia thrombocytes
could be used as a source of LOX for in vitro experiments
(Table 2). 5-LOX was inhibited by GT-E (IC50, 0.43 µg/mL).
The inhibition by GT-E was more efficient than that by NDGA,
the LOX inhibitor used as a positive control (IC50, 2.3 µg/mL).
The inhibition of hCOX-2 activity by GT-E (IC50, 42.0 µg/mL)
was less potent than that by indomethancin. Daidzein is the

major isoflavone in GT-E (21), and a GT-E concentration of
42.0 µg/mL would be equivalent to 165 µM of daidzein. The
inhibitory efficiency of GT-E was 1% that of the positive con-
trol indomethacin (IC50, 0.61 µg/mL = 1.7 µM), but its efficacy
in inhibiting 5-LOX activity was 4.5 times higher than that of
the positive control NDGA. Thus, GT-E was a more potent in-
hibitor of 5-LOX activity than of hCOX-2 activity.

Inhibition of 12-LOX and 15-LOX. GT-E also had inhibitory
effects on 12- and 15-LOX activities (IC50 of 0.72 and 0.42
µg/mL, respectively) and was thus more potent than NDGA in
the assay (Table 2). An in vivo test is currently underway using
GT-E as a feed ingredient for normal and stressed tilapia to ex-
amine their physiological responses. This is perhaps the first
study in which fish are used as a model to assay for the in-
hibitory effect of an herbal extract on LOX activities and the
possible role of the herb in preventing LDL oxidation and ath-
erosclerotic lesions.

Prolongation of the lag phase in LDL oxidation. In this study,
GT-E was found to inhibit 12- and 15-LOX, which play impor-
tant roles in mediating that LDL oxidation that leads to the patho-
genesis of atherosclerosis (8,10). The efficacy of GT-E in inhibit-
ing LDL oxidation was also evaluated. Both human and tilapia
plasma LDL were used for Cu2+-induced oxidation. ∆A232nm
was measured to indicate the amount of diene conjugates formed
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FIG. 2. RP-HPLC chromatograms of arachidonate derivatives catalyzed
by authentic standards of hydroxyl eicosatetraenoic acids (HETE) (A)
and tilapia thrombocyte lipoxygenases (LOX) (B).



from oxidized PUFA in LDL oxidation. Oxidation appeared in
three phases: a lag phase, a propagation phase, and a decomposi-
tion phase (Fig. 3). GT-E prolonged the lag phase of the Cu2+-in-
duced oxidation of human plasma LDL to a greater extent than
did the positive control, 2.0 µM Trolox (Fig. 3). This Trolox con-
centration was equilvalent to 0.5 µg/mL, calculated on the basis
of Trolox having a M.W. of 264 g/mol. On the same weight-con-
centration basis, GT-E was less effective than Trolox. It showed
about 15.5% the efficacy of the latter in prolonging the lag phase
of LDL oxidation (Fig. 4). GT-E was found to consist of the hy-
drophilic antioxidant components previously identified as genis-
tein, daidzein, daidzin, and malonyldaidzin (21), as shown in the
RP-HPLC chromatogram in Figure 1. These isoflavones may
have functions similar to those of Trolox in conserving the natu-
rally occurring antioxidants enclosed in LDL particles and thus
delaying oxidation.

Similarly, GT-E extended the lag phase of tilapia plasma
LDL oxidation (Fig. 3). The lag time prolonged by GT-E
showed dose-dependent correlations with both human LDL (r2

= 0.98) and tilapia LDL (r2 = 0.99) (Fig. 4). The slope of tilapia
LDL oxidation was more gradual than that of human LDL oxi-
dation, indicating that GT-E was less effective in protecting
tilapia LDL than human LDL from oxidation. Therefore, tilapia
LDL may serve as a rapid in vitro test model for screening the
effectiveness of antioxidants in prolonging the lag phase of
Cu2+-induced LDL oxidation.

Reduction of the propagation rate of LDL oxidation. The
oxidation rate in the propagation phase of Cu2+-induced oxida-
tion of human LDL is shown in Figure 3. The increased con-
centration of GT-E added to the human LDL assay mixture de-
creased the oxidation rate during the propagation phase (re-

duced slope) and also decreased the maximal formation of
diene conjugates during the decomposition phase. The reduc-
tion in oxidation rate was proportional to the concentration of
GT-E added. Trolox did not change the rate of oxidation in the
propagation phase, compared with the rate when neither GT-E
nor Trolox was added (Fig. 3). Since Trolox is a hydrophilic
antioxidant, it probably could not readily enter the LDL parti-
cles. The fact that GT-E reduced the LDL oxidation rate illus-
trated that it was more hydrophobic than Trolox, thus enabling
the herb to be more accessible to LDL particles and protecting
the endogenous tocopherol or PUFA in the human LDL parti-
cles from oxidation.

A similar effect was found for tilapia LDL oxidation (Fig.
3), the rate of which was about 20% (2.6 × 10−3 vs. 1.32 × 10−
2) that of human LDL when the GT-E concentration was 0.
When a 2.0-µM concentration of Trolox was added to tilapia
LDL, the oxidation rate was 2.6 × 10−3, in contrast to 1.3 × 10−
2 for human LDL. There was again a fivefold difference in oxi-
dation rates between human and tilapia LDL. Since Trolox is
hydrophilic, one possible explanation for this observation is
that GT-E probably had better access to the tilapia LDL parti-
cles than to the human LDL particles. Thus, the tilapia had a
higher concentration of GT-E in the LDL and was able to con-
serve more endogenous tocopherol in the LDL particles. Cur-
rent analyses have shown the tocopherol concentration in
tilapia LDL to be higher than that in human LDL. An in vivo
study showed that tilapia fed a diet containing GT-E for 3 mon
had higher α-tocopherol concentrations in the LDL than those
fed a control diet (unpublished data), indicating that the oxida-
tion rate of LDL is dependent on its conservation of antioxi-
dants.
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TABLE 1
Lipoxygenases (LOX) Observed in the Blood Components of Fish

LOX activities (pmol/min/mg protein)

Fish Blood component 5-HETE 12-HETE 15-HETE Ref

Tilapia Thrombocytes 30.5 200.0 36.9 This study
Rainbow trouta Thrombocytes 3.2b 6.7 0.9c 27
Grey mullet Thrombocytes 139.0 2817.0 94.8 22

Erythrocytes 1.1 4.2 0.3 22
Plasma 2.0 27.8 1.4 22

aRainbow trout thrombocytes (approx. 1 × 107 cells) were incubated with 0.1 µM platelet-activating factor (C-18) at 18°C
for 20 min. The LOX products were expressed as ng/L × 107 cells (27).
bDetermined as leukotrine B4.
cDetermined as LXA4.

TABLE 2
Inhibitory Effects on the Activities of Human Recombinant Cyclooxygenase-2 (hCOX-2) and Tilapia Thrombocyte
LOX by I-Tiao-Gung Ethanolic Extracts (GT-E) in Comparison with Indomethacin and Nordihydroguaiaretic Acid
(NDGA) as Positive Controls

IC50 (µg/mL)

Agent 5-LOX 12-LOX 15-LOX hCOX-2a

GT-E 0.43 ± 0.32 0.72 ± 0.33 0.42 ± 0.28 42.0 ± 10.2
NDGA 2.3 ± 0.3 1.6 ± 0.3 1.7 ± 0.3
Indomethacin 0.61 ± 0.15
aCited from Reference 21.



Reduction in the maximal formation of conjugated dienes.
The absorption at 232 nm wavelength (A232nm) was monitored
to reflect the formation of conjugated dienes caused by the oxi-
dation of PUFA in LDL. After the A232nm reached a maximum,
it then dropped to the decomposition phase. Tilapia LDL oxi-

dation did not show a peak in A232nm before approaching the
decomposition phase (Fig. 3B). The difference between the ox-
idation pattern of tilapia LDL and that of human LDL suggests
that the unsaturated FA in human LDL were more susceptible
to degradation after the formation of hydroperoxy diene conju-
gates than were those of tilapia. In the human LDL, the maxi-
mum ∆A232 nm decreased with an increase in the GT-E concen-
tration, perhaps due to the longer lag phase with GT-E.

DISCUSSION

In our previous study (21), GT-E showed great potential for scav-
enging free radicals and inhibiting free-radical-mediated lipid
oxidation, an early event in biomolecular damage that may cause
DNA damage in the later stages. The free radicals that form eas-
ily under high oxidative stress result in lipofusins, which are the
cross-linked products of free radicals to proteins or DNA (28).
An accumulation of lipofusin in the tissues or organs may de-
stroy the biological functions of DNA. In this study, GT-E was
found to inhibit LDL oxidation and the oxidative enzymes LOX
and COX-2. This antioxidant potential of GT-E may have phar-
macological or nutraceutical applications in the future.

COX-2 and 5-LOX activities are involved in inflammation
(14,15). Many COX-2 or 5-LOX inhibitors have been devel-
oped as drugs to treat inflammation (15,17); however, some
COX-2 inhibitors have been withdrawn from the market (29),
indicating a need for a COX-2 inhibitor free of side effects. On
the other hand, zileuton, a 5-LOX inhibitor, exhibited a more
antinociceptive effect on inflammatory pain in acetic acid-in-
duced writhing in mice than did rofecoxib, a COX-2 inhibitor
(30). This study demonstrated that GT-E is a natural dual in-
hibitor of both 5-LOX and COX-2 and is more potent toward
5-LOX. This explains why I-Taio-Gung has a long history as
an effective herbal medicine for the treatment of physical pain.
What the traditional herbalists did not know was the potential
preventive effects of I-Tiao-Gung on atherosclerosis.
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FIG. 3. Inhibitory effect of GT-E on Cu2+-induced LDL oxidation: (A)
tilapia LDL; (B) human LDL; (C) Trolox. For abbreviation see Figure 1.

FIG. 4. Correlation between GT-E concentration and prolongation of
the lag phase (+Tlag) of Cu2+-induced oxidation of LDL from human and
tilapia using Trolox as a positive control. For other abbreviation see Fig-
ure 1.



To further elucidate the biological effects of GT-E, an ani-
mal study or a model system that can provide an ex vivo evalu-
ation is essential. The tilapia thrombocytes displayed 5-, 12-,
and 15-LOX activities using arachidonate as a substrate, thus
offering a good system for the ex vivo evaluation of LOX in-
hibitory activities. In addition, tilapia is a poikilothermic ani-
mal that is easy to handle in aquaria for ex vivo or in vivo tests.
Using a tilapia model in this study, we found GT-E to be more
efficient than the positive control NDGA in inhibiting 5-LOX
activity.

GT-E was also found to inhibit 12- and 15-LOX activities
simultaneously. An earlier study showed that inhibiting the
mammalian reticulocyte 15-LOX-1 reduced atherosclerosis in
the 12/15-LOX gene (similar to the rabbit and human reticulo-
cyte 15-LOX) in knockout mice (7). Also, attenuating 12- and
15-LOX expression decreased LDL oxidation. 12/15-LOX and
apoE double-knockout mice exhibited fewer arterial lesions
than did apoE-deficient mice with a functional 12-LOX gene
(7). In addition, 12(S)-HETE, a product of 12/15-LOX, in-
creased the adhesion of monocytes to human endothelial cells
in vitro, indicating the involvement of 12/15-LOX in inflam-
mation (31). The inhibition of 12-LOX also reduced cancer cell
proliferation and induced apoptosis in human gastric cancer
cells (32). Still more in vivo studies are needed to confirm the
claimed bioactivities of I-Tiao-Gung.

Even though plants such as the soybean exhibit 15-LOX ac-
tivity, the protein sequence and predicted structure of soybean
15-LOX are very different from those of mammalian 15-LOX
(33). (−)-Epicatechin and the fraction of procyanidin dimers
prepared from the seeds of Theobroma cacao inhibited rabbit
15-LOX but were not inhibitory toward soybean 15-LOX (34).
Since tilapia is a vertebrate whose taxonomy is closer to that of
mammals, the primary structure of tilapia LOX is expected to
be more closely related to that of mammals.

Many scientific studies have used fish as an animal model,
including respiratory and cardiovascular research on cell cul-
ture as well as pharmacological and genetic studies (35). LDL
from trout was incubated and determined using ∆A232nm as an
index for conjugated diene formation (36), and a pattern simi-
lar to that of human LDL oxidation showing three stages of ox-
idation (a lag phase, a propagation phase, and a decomposition
phase) was observed. This study also indicates that LDL oxi-
dation in tilapia was similar to that in humans but that tilapia
LDL oxidized more easily.

Since fish are less costly to raise and maintain than are mam-
malian, avian, reptilian, or amphibian systems, it may save time
and reduce costs to use fish as a model for screening bioactive
herbal materials that are protective against oxidative modifica-
tions, endothelial dysfunction, and inflammation that lead to
the pathogenesis of atherosclerosis (32). Many potential an-
tioxidants from herbs, vegetables, and fruits that are able to in-
hibit LDL oxidation in vitro have shown antiatherosclerotic ef-
fects in rabbits, transgenic mice, and nonhuman primates in
vivo (37,38). Here, we to propose that tilapia can be used as an
animal model, not to replace the established mammalian mod-
els, but to use them for preliminary screening of their potential

bioactivities in the search for anti-inflammatory and antiather-
osclerotic herbs, nutraceuticals, and pharmaceuticals.
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ABSTRACT: The common milkweed (Asclepias syriaca L.) is a
new industrial crop. Its seed oil (TAG) is highly polyunsaturated.
In the search for novel applications for milkweed seed oil, the
olefinic groups in the TAG were oxidized to polyhydroxy TAG
via epoxidation and subsequent epoxy ring-opening reactions.
These polyhydroxy TAG exhibit unique industrially desirable
emulsoid properties in water. Esterification of the secondary poly-
hydroxy functionalities of the TAG derivatives of the oil with
trans-4-hydroxy-3-methoxycinnamic acid (ferulic acid) has re-
sulted in the development of novel cinnamate esters of milkweed
oil. These cinnamates are also obtainable via direct ring-opening
of the epoxy TAG intermediate with ferulic acid. Among the in-
teresting characteristics of the ester derivatives is their UV radia-
tion-absorbing property.

Paper no. L9809 in Lipids 40, 1179–1183 (November 2005).

For a new industrial crop to achieve economic success, its com-
ponents must have unusual properties that set it apart for new
markets. Such markets are usually small-volume, value-added
niches. The higher-value products give incentives to the farmer
to undertake the initial capital investment necessary to culti-
vate the new crop. The situation for the common milkweed (As-
clepias syriaca L.) would have presented a double impediment
to commercialization because this species is viewed as a nui-
sance by most farmers who have encountered it in their crop
fields or in the range. But in spite of its image, milkweed in re-
cent years has again become a new industrial crop because of
market demand for its floss (fiber) in hypoallergenic pillows
and comforters. Interestingly, the floss is the same component
of the seed that made milkweed a strategic material during
World War II (1). But a one-product crop is hardly profitable.
Fortunately for milkweed, the increasing demand for the fiber
has led to an accumulation of seed and pod hulls, which has re-
sulted in studies to explore possible uses for the seed compo-
nents and the hulls. To generate new uses for the seed oil,
which is 25–30% by weightt of the seed, we have successfully
converted the polyolefinic TAG of milkweed oil (Table 1) to
the oxiranes and polyhydroxy TAG (2). In seeking further di-
versification of the nonfood industrial application for the oil,
we have also explored conversion of the TAG intermediates

(epoxy and polyhydroxy forms) into estolides. Estolides have
been identified as naturally occurring in some seed oils espe-
cially those from species having a monohydroxy functional
group in the acyl chain of the TAG (3–7). The synthesis of rici-
noleic acid estolides had earlier been reported by Achaya (8).
But it was the application of carbocation chemistry that enabled
estolides to be prepared on a pilot scale from unsaturated car-
boxylic acids that have no hydroxyl functional groups (9).
Mechanistically, unlike the traditional condensation reaction
between an alcohol moiety of an acyl chain and a free car-
boxylic acid to form estolides, a larger-scale estolide reaction
depends on the initial generation of an electrophile at one end
of a C=C bond as a result of protonation of the double bond by
a Brønsted acid catalyst. The resulting electrophile then accepts
an electron pair from the carboxyl OH of a neighboring car-
boxylic acid moiety thus forming the estolide. Overall the re-
action is an addition across a C=C bond by the –OH moiety of
a carboxylic acid. These reactions have only been successful
with monounsaturated carboxylic acids (10–12). Compton and
coworkers (13) used lipase-catalyzed transesterification of soy-
bean oil with ferulic acid ethyl ester to produce UV-absorbing
glycerides. The present study reports the novel synthesis of a
UV-absorbing estolide by condensation of milkweed polyhy-
droxy TAG with trans-4-hydroxy-3-methoxycinnamic acid
(ferulic acid) to give the cinnamate ester of the intact TAG.
This ester is also accessible by direct ring-opening of milkweed
epoxy TAG with 4-hydroxy-3-methoxycinnamic acid in the
presence of a Lewis acid catalyst.

MATERIALS AND METHODS

Materials. Crude, cold-pressed milkweed oil was obtained
from Natural Fibers Corporation (Ogallala, NE). Activated acid
clay (Bentonite) was obtained from Harshaw/Filtrol Clay Prod-
ucts Division, (Jackson, MS). Sample centrifugation was per-
formed using a Beckman Coulter centrifuge, model J2-HS
(Beckman Coulter, Inc., Fullerton, CA). Formic acid, 96% was
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TABLE 1
FA Composition of Milkweed (Ascepias syriaca) Oila

Acid type % Content Acid type % Content

Oleic 31.0 (∆9, ∆11) Palmitoleic 9.6 (∆9, ∆9,12)
Linoleic 50.5 Palmitic 5.7
Linolenic 1.2 Stearic 2.5
aFrom Reference 2.

 



obtained from Fisher Scientific (Chicago, IL); hydrogen perox-
ide, 50% in water, and anhydrous ZnCl2 powder were from
Aldrich Chemical Company (St. Louis, MO). 1H and 13C NMR
spectra were obtained on a Bruker ARX-400 with a 5-mm dual
proton/carbon probe (Bruker Spectrospin, Billerica, MA); the
internal standard used was tetramethylsilane. Specific rotation
[α]20

D values were measured on a PerkinElmer Polarimeter
model 341 (PerkinElmer, Norwalk, CT).

Viscosity measurements. Viscosity measurements were de-
termined in a Temp-Trol viscosity bath (Precision Scientific,
Chicago, IL) using Cannon-Fenske viscometers for transparent
liquids (Cannon Instrument Company, State College, PA) in
accordance with AOCS Official Method Tq 1a-64 (14). The
size of the Cannon-Fenske viscometer used was number 400
(378E) or 300. The cleaned dry tube was loaded at room tem-
perature with the sample oil and placed in its holder in the con-
stant-temperature bath. The sample was allowed to equilibrate
for 10 min at 40°C or 15 min at 100°C before the sample was
suctioned into the lower bulb until the meniscus just overshot
the mark above the lower bulb. The suction was removed and
the meniscus adjusted to the mark. The sample was allowed to
flow at the same time the stop clock was started. The duration
(in seconds) it took the meniscus to reach the mark below the
bulb multiplied by the tube constant gave the viscosity of the
fluid. The measurement was replicated for reproducibility.

FTIR spectrometry. Test samples of the reaction products
were pressed between two NaCl discs (25 × 5 mm) to give thin
transparent oil films for analysis by FTIR spectrometry. Spec-
tra were measured on a Bomem Arid Zone FTIR spectrometer
(Bomem MB-Series; Bomem, Québec, Canada) equipped with
a deuterated triglycine sulfate detector. Absorbance spectra
were acquired at 4 cm-1 resolution and signal-averaged over 32
scans. Interferograms were Fourier-transformed using cosine
apodization for optimal linear response. Spectra were baseline
corrected and normalized to the methylene peak at 2927cm-1

Methods. (i) Synthesis of epoxy TAG. Refined milkweed oil
[186.8 g, 212.1 mmol, iodine value (IV) = 111.4] was placed in
a 500-mL three-necked jacketed flask equipped with a mechan-
ical stirrer and heated to 40.5°C. Formic acid (96%, 12.0 g,
25.0 mmol, ~0.3 equiv/mol of C=C) was added and the mix-
ture stirred to homogeneity. Hydrogen peroxide (50%, 70.0 g,
57.4 mL, 4.75 equiv) was added slowly. At the end of the hy-
drogen peroxide addition, the temperature was raised to 70°C
and vigorous stirring was continued for 7 h. The heat source
was then removed; the reaction mixture was allowed to cool
and was then transferred to a separatory funnel with ethyl ace-
tate as diluent. The material was washed with saturated NaCl
(150 mL × 2) followed by saturated Na2CO3 (25 mL) in 100
mL more NaCl solution. At about pH 7.5, the organic phase
was then washed with deionized water. The organic layer was
separated from a turbid aqueous phase, dried over Na2SO4, and
concentrated in vacuo at 60°C to remove the solvent. The yield
of epoxy TAG was 188 g (92.3%), and the measured kinematic
viscosities were as follows: 1208.95 cSt at 40°C and 81.3 cSt
at 100°C, that is, a viscosity index of 18.8 cSt/°C, IV = 1.79.
Specific rotation [α]20

D = +0.18° (0.065, CH2Cl2). FTIR (film

on NaCl) cm-1: 2967 s, 2935 v-s, 2876 s, 2863 v-s, 1754 v-s,
1474 s, 1393 m-s, 1241 s, 1187 s, 1124 m-s, 1021 m, 845 d (m),
726 w-m. 1H NMR (CDCl3) δ (ppm): 5.25 m (residual olefinic),
4.29 dd (J = 4.3, 11.9 Hz, 2H), 4.14 dd (J = 5.9, 11.9 Hz, 2H),
3.1 m (2H), 2.96 m (2H), 2.89 m (2H), 2.3 m (6H), 1.75–1.25
m (72), 0.87 m (9). 13C NMR (CDCl3) δ: 173.1, 172.7
(–OC=O), 68.87 (–HCO–), 62.02 (–CH2O–), 57.10 (HC–O–
epoxy), 57.05 (HC–O– epoxy), 56.91 (HC–OC), 56.85
(CO–C), 56.63 (C–O–C), 56.55 (COC), 54.25 (COC), 54.09
(–C–O–C–), 34.06 (–CH2–), 33.90 (–CH2–), 31.79 (–CH2),
31.61 (–CH2), 29.63 (–CH2), 29.47 (–CH2), 29.28 (–CH2–),
29.23 (–CH2), 29.15 (–CH2–), 29.12 (–CH2–), 28.92 (CH2–),
28.88 (–CH2–), 27.83 (–CH2–), 27.77 (CH2–), 27.75 (–CH2–),
27.16 (–CH2–), 26.88 (CH2–), 26.55 (–CH2–), 26.52 (–CH2–),
26.08 (–CH2–), 24.73 (–CH2–), 22.51 (–CH3), 13.93 (–CH3).

(ii) Synthesis of polyhydroxy TAG. In a 1-L jacketed flask,
as in above setup, was placed reprocessed milkweed oil (648.0
g, 735.7 mmol). The oil was stirred vigorously at 40°C, and
formic acid (90.4%, 62.2 g, 1.22 mol) was added in one por-
tion followed by a slow (dropwise) addition of H2O2 (50%,
203.0 g, 2.98 mol). At the end of peroxide addition, the tem-
perature was increased to 70°C. After 15 h, the heat source was
removed but stirring was continued, allowing the reaction mix-
ture to cool to room temperature; stirring was stopped and the
separated aqueous phase was removed. Deionized water (300
mL) was added followed with 6 M HCl (100 mL). The nearly
colorless sludge was stirred at 70°C overnight. The cream-col-
ored product was transferred into a separatory funnel using
ethyl acetate as diluent. The aqueous layer was discarded and
the organic phase was washed sequentially with saturated
brine, then saturated NaHCO3 until a pH of 7.5 in the wash
water was achieved, followed with deionized water. Ethanol
was added to facilitate separation of the phases. After removal
of the aqueous layer, the product was concentrated in vacuo at
70°C to yield 711.6 g (92.1%) of the polyhydroxyl TAG with
an IV = 14 compared with an IV of 114 in the starting milk-
weed oil. The measured kinematic viscosities were: 2332.5 cSt
at 40°C and 75.53 cSt at 100°C, that is, a viscosity index of
37.6 centistokes/°C. Specific rotation [α]20

D = +0.37°. FTIR
(film on KBr) cm-1: 3636–3168 b, 2927 vs, 2856 vs, 1743 vs,
1463 s, 1378 m-s, 1240 m-s, 1173 vs, 1097 s, 881 w, 725 w-m.
13C NMR (CDCl3) δ: 173.2, 172.8 (–O2C–), 84.60 (HCO),
83.00 (COH), 82.50 (HCO), 82.00 (COH), 80.50 (COH), 74.40
(HCO), 73.82 (HCO), 73.20 (–HC–O), 68.82 (–OCH2–), 62.04
(–OCH2–), 34.75 (–CH2–), 34.48 (–CH2–), 34.10 (–CH2–),
33.94 (–CH2–), 33.54 (–CH2–), 31.79 (–CH2–), 31.61
(–CH2–), 30.47 (–CH2–), 29.64 (–CH2–), 29.56 (CH2–), 29.47
(CH2), 29.42 (CH2), 29.31 (CH2), 29.26 (CH2), 29.21 (CH2),
29.17 (CH2), 29.05 (CH2), 28.91 (CH2), 25.58 (CH2), 25.26
(–CH2–), 24.76 (CH2–), 22.61 (CH2), 22.56 (CH2), 22.45
(–CH2), 14.08 (–CH3).

(iii) Synthesis of milkweed cinnamate from the polyhydroxy
TAG. Milkweed polyhydroxy TAG (34.40 g, 32.74 mmol),
glacial acetic acid (150 mL), ferulic acid (45.0 g, 231.7 mmol),
HCl (12.1 M, 4.5 mL), and ethyl acetate (250 mL) were placed
in a 1-L three-necked round-bottomed flask equipped with a
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mechanical stirrer. The contents of the reaction flask were
stirred and heated to gentle reflux. Progress of the reaction was
monitored by TLC (hexanes/ethyl acetate: 1:1 vol/vol) on pre-
coated silica gel. After 48 h the reaction mixture was allowed
to cool to room temperature, diluted with more ethyl acetate,
and transferred into a separatory funnel. The solution was
washed with deionized water (300 mL × 4) to remove most of
the acetic acid. The organic phase was then washed with satu-
rated disodium hydrogen phosphate solution and deionized
water until the washings were about pH 7. The red-tinged or-
ganic solution was dried over anhydrous Na2SO4 and concen-
trated in vacuo to give a crude product (64.0 g, 93.1% yield).
The crude product was purified by a vacuum LC (VLC) tech-
nique on silica gel with hexanes/ethyl acetate (1:1) as the elut-
ing solvent. The yield of the desired fraction i.e., without free
ferulic acid) was 44.50 g (64.7%) based on the hexaferuloyl es-
tolide. Rf values on normal-phase silica gel were 0.36, 0.42, and
a major band 0.57, compared with 99% ferulic acid, which
gave two spots of Rf 0.18 and 0.21; [α]20

D = +0.12° (0.05,
CH2Cl2). UV absorbance maxima were at 322.5 and 294.5 nm.
FTIR (film on NaCl) cm-1: 3554 (phenolic OH stretch) b, 3014
(=C–H) w, 2967 (CH3 asym.) s, 2939 (–CH2– asym.) vs, 2876
(CH3 sym.) s, 2863 (–CH2—sym. stretch) vs, 1753 (–OC=O
TAG) vs, 1714 (–OC=O feruloyl) m, 1640 (–C=C– alkene
puckering) m, 1612, 1523 (–C=C– arom. breathing mode) m-s,
1465 (–CH2– deformation) m-s, 1375 (–CH3 umbrella effect)
m, 1277 (–COC– ester) m, 1251 (–COC– ester) w, 1185
(–OCH–CHO–) m-s, 1042 (C–CH2O– stretch) w. 1H NMR
(CDCl3) δ: 7.64 d (J = 15.9Hz, trans H–C=C–H, 2H), 7.08 dd
(J = 8.2 Hz, arom. ortho coupling, 2H), 7.05 d (J = 2.0 Hz,
arom. meta coupling, 2H), 6.93 d (J = 8.2 Hz, arom. ortho cou-
pling 2H), 6.30 d (J = 15.9 Hz, trans –C=C–H coupling, 2H),
4.26 q (J = 14.3 Hz, 7H), 4.19 q (J = 14.3 Hz, 7H), 3.88 s
(–OCH3, 9H), 2.31 t (J = 7.5 Hz, 7H), 2.11 m (8H), 1.62 m
(8H), 1.33 m (90H), 0.90 t (J = 7.0 Hz, 9H). 13C NMR (CDCl3)
δ: 173.9 (4 overlapping lines C=O), 170.7 (2 lines C=O), 167.4
(C=O), 148.0 (ipso arom.), 146.0 (ipso arom.), 144.7 (arom.),
127.1 (arom.), 123.1, 115.7, 114.8, 109.4 (arom.), 75.12
(–OCH–), 74.85 (–OCH–), 73.05 (–OCH–), 72.45 (–OCH–),
69.22 (–OCH–), 68.79 (–OCH–), 64.56 (–H2CO–), 60.43
(–CH2O–), 60.25 (–CH2O–), 56.00 (–OCH3), 34.97 (–CH2–),
34.74 (–CH2–), 34.40 (–CH2–), 32.00 (–CH2–), 31.89
(–CH2–), 31.82 (–CH2–), 31.72 (–CH2–), 31.32 (–CH2–),
31.28 (–CH2), 29.76 (–CH2–), 29.72 (–CH2–), 29.66 (–CH2–),
29.58 (–CH2–), 29.52 (–CH2–), 29.42 (–CH2–), 29.33
(–CH2–), 29.28 (–CH2–), 29.22 (–CH2–), 29.13 (–CH2–),
29.08 (–CH2–), 28.90 (–CH2–), 26.65 (–CH2–), 26.60
(–CH2–), 26.34 (–CH2–), 25.62 (–CH2–), 25.35 (–CH2–),
25.06 (–CH2–), 25.03 (–CH2–), 24.98 (–CH2–), 22.76
(–CH2–), 22.72 (CH2), 22.62 (–CH2–), 22.55 (–CH2–), 21.12
(–CH2–), 21.03 (–CH2–), 14.43 (–CH3), 14.32 (–CH3), 14.11
(–CH3).

Synthesis of 4-hydroxy-3-methoxycinnamate estolide from
milkweed epoxy TAG. Milkweed epoxy TAG (20.90 g, 21.8
mmol), ferulic acid (26.77 g, 137.9 mmol), and anhydrous
ZnCl2 (0.80 g) were placed in a 500-mL reaction flask fitted

with a mechanical stirrer and a reflux condenser. Toluene (200
mL) was added and the reaction mixture stirred and heated to
reflux. After 24 h the reaction was cooled to room temperature
and then transferred into a separatory funnel with ethyl acetate
as diluent. The solution was washed with saturated sodium bi-
carbonate followed with deionized water. The organic phase
was dried (Na2SO4) and concentrated in vacuo to remove all
traces of toluene. The semisolid mass was extracted with ethyl
acetate (100 mL × 3) and the extract concentrated to give 25.00
g of a reddish syrup. VLC purification of the crude product
over silica gel (hexanes/ethyl acetate, 1:0–1:1 as solvent) gave
18.40 g (40.3% yield) from combined fractions (fractions
5–35) of cinnamoyl estolide of the TAG. The later fractions
were ~1:2 mixtures of the estolide and unreacted ferulic acid.
The purified compound is a viscous, reddish syrup that is visi-
bly blue under long and short UV wavelengths and gives UV
spectral band maxima at 322.5 nm (intense) and a weaker ab-
sorption band at 297.0 nm. [α]20

D = 0.29° (0.04, CH2Cl2) com-
pared with ferulic acid [α]20

D = +0.50° (0.01, EtOH). FTIR
(film on NaCl) cm−1: 3557 bm, 2969 vs, 2939 vs, 2876 s, 2863
vs, 1753 vs, 1714 w, 1640 m-s, 1612 m-s, 1523 s, 1472 s, 1394
m-s, 1279 s, 1179 bs, 1040 m-s, 846 m, 820 m. 1H NMR
(CDCl3) δ: 7.58 d (J = 15.92Hz, 1H, trans coupling aromatic
side chain), 7.03 dd (J = 8.1 Hz, ortho- and 1.9 Hz, meta-cou-
pling, 1H), 7.01 d (J = 1.9 Hz, 1H, meta coupling), 6.87 d (J =
8.1 Hz, ortho, 1H), 6.26 d (J = 15.9 Hz trans coupling aromatic
side chain, 1H), 4.22 q (J = 14 Hz, 2H), 4.09 m (5H), 3.88 s
(–OCH3), 2.25 t (J = 7.0 Hz, 4H), 2.07 m (3H), 2.01 s (3H),
1.58 m (3H), 1.26 m (56H), 0.85 t (J = 7.5 Hz, 9H). 13C NMR
(CDCl3) δ: 173.3, 173.2, 172.8, 170.6 (–O2C–), 148.4 (ipso),
147.0 (ipso), 146.5 (ipso), 126.7 (arom.), 123.4 (arom.), 123.2
(arom.), 114.9 (arom.), 114.0 (arom.), 109.4 (arom.), 73.87
(–CHO–), 68.89 (–CHO–), 62.08 (–CH2O–), 57.23 (–OCH3),
57.17 (–OCH3), 57.01 (–OCH–), 56.95 (–CHO–), 56.73
(–CHOC), 56.66 (–CHO–), 55.91 (–CHO–), 54.35 (–CHO–),
54.19 (–CHO–), 34.12 (–CH2–), 34.02 (–CH2–), 34.00
(–CH2–), 33.96 (–CH2–), 31.91 (–CH2–), 31.84 (–CH2–),
31.76 (–CH2–), 31.65 (–CH2–), 29.68 (–CH2–), 29.64
(–CH2–), 29.60 (–CH2–), 29.55 (–CH2–), 29.53 (–CH2–),
29.51 (–CH2–), 29.46 (–CH2–), 29.42 (–CH2–), 29.34
(–CH2–), 29.29 (–CH2–), 29.45 (–CH2–), 29.20 (–CH2–),
29.18 (–CH2–), 29.16 (–CH2–), 29.09 (–CH2–), 29.07
(–CH2–), 29.04 (–CH2–), 28.97 (–CH2–), 28.94 (–CH2–),
27.88 (–CH2–), 27.86 (–CH2–), 27.81 (–CH2–), 27.78
(–CH2–), 27.19 (–CH2–), 26.90 (–CH2–), 26.59 (–CH2–),
26.57 (–CH2–), 26.55 (–CH2–), 26.46 (–CH2–), 26.44
(–CH2–), 26.23 (–CH2–), 26.12 (–CH2–), 24.84 (–CH2–),
24.81 (–CH2–), 24.79 (–CH2–), 24.77 (–CH2–), 24.76, 22.67,
22.65 (–CH2–), 22.55 (–CH2–), 22.48 (–CH2–), 14.09 (–CH3),
14.06 (–CH3), 13.98 (–CH3).

RESULTS AND DISCUSSION

Epoxy TAG. The oxiranes of the common milkweed TAG were
prepared as described above (Scheme 1) by oxidation of the
C=C bonds of the TG using performic acid made in situ
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(2,15–18). FTIR spectroscopic analysis of the isolated product
showed an absorption band characteristic of the –CH–O–CH–
stretch of the disubstituted epoxy TAG, that is, a doublet at
824–842 cm-1. The spectrum also showed disappearances of
the prominent H–C= stretching mode (3018 cm-1) as well as the
C=C breathing or puckering modes (1654 cm-1) of the parent
olefin. The 13C NMR distortionless enhancement proton trans-
fer experiment of this intermediate clearly indicated four epoxy
units with eight methine carbon resonances at 57.10, 57.05,
56.91, 56.85, 56.63, 56.55, 54.25, and 54.09 ppm. This spec-
tral region was transparent in the starting TAG.

Polyhydroxy TAG. The polyhydroxy TAG was synthesized
in two ways. In one approach, the isolated oxirane was ring-

opened in aqueous mineral acid (HCl) followed by ethyl ace-
tate extraction from the aqueous phase (Scheme 2). The pre-
ferred approach was a one-pot reaction starting with the puri-
fied milkweed oil oxidation followed in sequence by ring-
opening of the intermediate epoxy moieties and final isolation
of the polyhydroxy TAG. Although the physical characteris-
tics of this compound have been described elsewhere (2), the
main spectroscopic feature observed is its diagnostic broad
IR absorption band (3636–3168 cm-1), which is characteristic
of hydrogen-bonded OH stretching frequencies. The deriva-
tive of this spectrum shows four well-separated sharp bands
corresponding to the symmetric (2863 cm-1) and the asym-
metric (2938 cm-1) stretching modes of the –CH2–; the bands
corresponding to the symmetric and asymmetric stretching
vibrational modes for the –CH3 moieties are 2876 and 2967
cm-1, respectively. The other major features of this spectrum
are the very strong ester carbonyl absorption at 1759 cm-1,
the –CH2– deformation at 1473 cm–1, the strong –C–C–O–
stretch at 1192 cm–1, and the disappearance of the –C–O–C–
stretch of the epoxy TAG. Confirming the presence of sec-
ondary hydroxyl carbons on the alkyl chains as a result of
epoxy ring-opening, eight low-field resonance lines (84.60,
83.00, 82.50, 82.00, 80.50, 74.30, 73.82, and 73.20 ppm) cor-
responding to these carbons were observed in the 13C NMR
spectrum of this compound.

4-Hydroxy-3-methoxycinnamate estolides of Asclepias
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TAG. Native milkweed oil is not amenable to direct estolide
synthesis because of the polyunsaturated nature of these TAG.
A different reaction path was therefore necessary to convert
the oil to suitable platforms such as the oxirane and polyhy-
droxy derivatives. A condensation reaction between the poly-
hydroxy TAG and ferulic acid catalyzed by concentrated HCl
in HOAc and EtOAc gave the estolide in 48 h. A better cata-
lyst for this purpose, however, is the Lewis acid, anhydrous
ZnCl2, which gives the product in about one-third of the
above reaction time using toluene as solvent. The analogous
reaction with tetrahydroxy jojoba wax catalyzed by ZnCl2
goes to completion in 10–13 h relative to HCl catalysis (18).
The IR features noticed in the purified estolide are additional
bands (3014, 1640, 1612, and 1523 with a weak absorbance
at 1714 cm-1). The 3014 cm-1 absorption band corresponds to
the = C–H stretch, whereas the breathing modes of the aro-
matic rings are evident at 1612 and 1523 cm-1. The band at
1640 cm-1 is assignable to the puckering mode of the alkene
moiety of the feruloyl species, and the weaker band at 1714
cm-1 is attributable to the conjugated ester –C=O function of
the estolide. The estolide is also achievable via a direct epoxy
TAG ring-opening reaction with ferulic acid under ZnCl2
catalysis. The number of cinnamate moieties incorporated in
the latter reaction is usually much lower than could be
achieved with the polyhydroxy TAG under the same reaction
conditions. Using either approach, the estolide obtained
shows the same characteristics which in addition to having
good lubricity, strongly absorbs both long and short UV
wavelengths. The UV spectra show greater absorption inten-
sity for the product derived from the epoxy TAG than that
from the polyhydroxy starting material. This is understand-
able in terms of the extent of reaction obtained when ZnCl2 is
used as catalyst at the reflux temperature of toluene (solvent)
compared with the concentrated HCl-catalyzed reaction of the
polyhydroxy TAG in refluxing ethyl acetate. This property of
strong UV absorbance at very low concentrations makes these
TAG derivatives valuable materials that offer effective pro-
tection against the increasingly damaging effects of the sun’s
UV rays. We have previously shown with trans-4-hydroxy-3-
methoxycinnamate derivatives of jojoba oil that the relative
intensities of the absorption band maxima between (360 and
260 nm) could be modulated in favor of the shorter-wave-
length band (297.5 nm) if desired, while maintaining the same
spectral range (18).
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ABSTRACT: Coming from the Greek for “hard fat,” stearic acid
represents one of the most abundant FA in the Western diet. Oth-
erwise known as n-octadecanoic acid (18:0), stearate is either ob-
tained in the diet or synthesized by the elongation of palmitate,
the principal product of the FA synthase system in animal cells.
Stearic acid has been shown to be a very poor substrate for TG
synthesis, even as compared with other saturated fats such as
myristate and palmitate, and in human studies stearic acid has
been shown to generate a lower lipemic response than medium-
chain saturated FA. Although it has been proposed that this may
be due to less efficient absorption of stearic acid in the gut, such
findings have not been consistent. Along with palmitate, stearate
is the major substrate for the enzyme stearoyl-CoA desaturase,
which catalyzes the conversion of stearate to oleate, the preferred
substrate for the synthesis of TG and other complex lipids. In
mice, targeted disruption of the stearoyl-CoA desaturase-1 (SCD1)
gene results in the generation of a lean mouse that is resistant to
diet-induced obesity and insulin resistance. SCD1 also has been
shown to be a key target of the anorexigenic hormone leptin, thus
underscoring the importance of this enzyme, and consequently
the cellular stearate-to-oleate ratio, in lipid metabolism and po-
tentially in the treatment of obesity and related disorders.

Paper no. L9785 in Lipids 40, 1187–1191 (December 2005).

STEARATE: STRUCTURE AND SOURCES

Stearate was first described by Michel Eugene Chevreul in
1823 in his studies on fats and oils and is one of the most abun-
dant saturated FA in the Western diet (1). Stearic acid is also
denoted as n-octadecanoic acid or as 18:0, as it is composed of
18 carbons with no double bonds. Although it is found in small
quantities in seed and marine oils, major sources of this long-
chain saturated fat include milk fats, which can contain 5 to
15% stearate, as well as lard and cocoa and shea butters, which
can contain from 10–35% stearate. Stearic acid is also a large
constituent in hydrogenated fats and oils.

Apart from dietary sources, stearate can also be endoge-
nously synthesized from acetyl-CoA molecules (Fig. 1). The
biotin-containing acetyl-CoA carboxylase (ACC) catalyzes the
irreversible conversion of the two-carbon acetyl-CoA to the

three-carbon intermediate, malonyl-CoA. Malonyl-CoA then
serves as the precursor for the endogenous synthesis of FA via
the FA synthase (FAS) multienzyme complex. In bacteria and
yeast, FAS exists as seven or two separate polypeptides, re-
spectively, that are tightly associated in one large complex. In
mammals, the reactions of the FAS system are catalyzed by in-
dividual domains of a single large polypeptide that also in-
cludes an acyl carrier protein (ACP) domain (2,3). The large
protein functions as a 480 kDa homodimer to carry out seven
cycles of sequential condensation, reduction, and dehydration
reactions to form the 16-carbon saturated FA, palmitate. Al-
though small amounts of stearate are sometimes formed
through the actions of FAS, chain elongation generally stops at
16 carbons, and the palmitate is released from the ACP moiety
(2,3). Further elongation generally occurs through the actions
of microsomal elongases to form stearate (Fig. 1).

Six different isoforms of FA elongase (Elovl) have been
identified in the mouse, rat, and human genomes (3–6). Elov1-
1 (Ssc1) and Elovl-6 [LCE, fatty acid elongase (FACE), rElo2]
have been shown to elongate saturated and monounsaturated
FA (3,7,8). Elovl-2 (Ssc2) acts on 20- to 22-carbon PUFA,
whereas Elovl-5 (FAE1, Relo1, Helo1) has a wide range of
substrates from 16 to 22 carbons long (7,8). 16:0-CoA has been
shown to be a substrate for Elovl-1 and Elovl-6 and is con-
verted to 18:0-CoA by these FA elongases (7–10).
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FIG. 1. Synthesis and fate of stearic acid. Stearate can either be obtained
from the diet or be synthesized de novo in the body through the actions
of acetyl-CoA carboxylase (ACC) and the FA synthase (FAS) enzyme
complex and through elongation of palmitate by FA elongases (FACE).
Once it has been formed, stearate can undergo various fates including
further elongation, oxidation, and esterification to form complex lipids
or desaturation by the enzyme stearoyl-CoA desaturase (SCD) to form
the monounsaturated FA, oleate.



REGULATION OF STEARATE SYNTHESIS

The pathway of the synthesis of stearate and other FA is highly
regulated. The compartmentalization of FA synthesis and oxi-
dation in the cytosol or mitochondria, respectively, allows for
reciprocal regulation of these two processes. Also, while the
product of FA breakdown is acetyl-CoA, de novo synthesis of
FA is not a simple reversal of this catabolic process. Instead,
the formation of the three-carbon intermediate, malonyl-CoA,
is a requisite step in FA synthesis (2). Furthermore, the en-
zymes involved in the synthesis of stearate are all highly regu-
lated by dietary, hormonal, and physiological changes.

In general, insulin, glucose, 3,5,3′-triiodothyronine, and glu-
cocorticoids have all been shown to induce de novo lipogene-
sis (DNL), whereas long-chain PUFA, epinephrine, and
glucagon have been shown to suppress DNL (11–13). There is
also considerable evidence for the transcriptional regulation of
enzymes of de novo FA synthesis, including FAS and Elovl-6
through the actions of the lipogenic transcription factor, sterol-
regulatory element-binding protein (SREBP) (3,7,9,10,14).

SREBP are a family of helix-loop-helix transcription fac-
tors that were first identified through their ability to bind to a
sterol response element found on genes involved in cholesterol-
genesis. Three isoforms of SREBP have thus far been identi-
fied; SREBP-1a and SREBP-1c regulate genes of lipid synthe-
sis, whereas SREBP-2 has been shown to be involved in cho-
lesterol homeostasis. SREBP-1a and -1c are both transcribed
from the same gene locus and differ only at their N-termini;
SREBP-2 is encoded by a separate gene. SREBP1c is the major
isoform in rodent and human liver and is now recognized as a
key regulator of FA and TG synthesis (14,15).

SREBP are initially synthesized as large proteins (125 kDa)
anchored to the endoplasmic reticulum membrane with two
membrane-spanning domains and with their C-terminal end
bound to the SREBP-cleavage activating protein (SCAP). In
response to cellular signals such as decreased sterol levels, the
SREBP–SCAP complex moves to the Golgi apparatus, where
it undergoes two proteolytic events, giving rise to the smaller
(65 kDa), mature form of the SREBP protein (14,15). This pro-
teolytic cleavage then results in the transit of the mature form
of the protein to the nucleus, where it binds to cis-elements
termed sterol regulatory elements (SRE) in the promoters of
target genes and induces transcription of a variety of genes in-
volved in cholesterol, TG, and FA synthesis; these include
ACC and FAS as well as stearoyl-CoA desaturase-1 (SCD1),
which converts stearate (18:0) to oleate (18:1n-9) (14–17).

Mice overexpressing SREBP in the liver have been shown
to accumulate lipids in their liver as a result of increased ex-
pression of lipogenic genes. However, the majority of FA in the
livers of these transgenic mice tend to be 18 carbons long rather
than 16 carbons long, suggesting that the FA elongase respon-
sible for the synthesis of stearate from palmitate is also upreg-
ulated by SREBP (3). Indeed, it was recently shown that Elovl-
6, also known as FACE, is upregulated in SREBP transgenic
mouse livers (7,10,18). It has since been described that Elovl-6
specifically utilizes 12- to 16-carbon saturated and monounsat-

urated FA in the liver as substrates. Elovl-6 is also upregulated
in leptin-deficient ob/ob mice that have markedly higher he-
patic SREBP levels (10). Elovl-6 expression was also shown
to be upregulated by agonists of the liver X receptor (LXR)
(10), a nuclear receptor that is a strong activator of SREBP-1c
transcription.

FATE OF STEARATE

Once stearate has been synthesized in the cell, it can undergo
several different fates (Fig. 1) depending on various factors
such as the energy charge of the cell, hormonal signals, and so
forth. Under conditions of low energy charge, the enzyme car-
nitine palmitoyl transferase-1 transports stearate to the mito-
chondria, where it is oxidized (19). Alternately, under condi-
tions of high energy charge, such as after a meal, stearate can
be directly esterified to form complex lipids for storage. How-
ever, it has been shown that stearate is a very poor substrate for
esterification (20). On the other hand, stearate can be desatu-
rated by the actions of the enzyme stearoyl-CoA desaturase to
form oleate (18:1n-9), which has been shown to be the pre-
ferred substrate for complex lipid synthesis (21). Alternately,
stearate can be further elongated to form other long-chain satu-
rated FA (Fig. 1).

DESATURATION: STEAROYL-COA DESATURASES

In mammalian cells, stearate is rapidly acted on by the enzyme
stearoyl-CoA desaturase and is converted to its monounsatu-
rated product, oleate. SCD is the rate-limiting enzyme in the
synthesis of monounsaturated FA from their saturated FA pre-
cursors. SCD introduces a single double bond between carbons
9 and 10 of the saturated FA and shows high substrate speci-
ficity for palmitate and stearate, converting them to palmi-
toleate and oleate, respectively (21,22).

The genes for SCD have been identified and cloned from
several species, including yeast, Caenorhabditis elegans, ham-
ster, sheep, rat, mouse, and human. Four different isoforms of
the enzyme have been identified in the mouse, whereas two dif-
ferent isoforms have thus far been identified in the human
(21,22). In the mouse, SCD1 is the major isoform expressed in
white adipose tissue, brown adipose tissue, and the meibomian,
Harderian, and preputial glands. It is also dramatically induced
in the liver upon high-carbohydrate feeding (21,22). The pres-
ence of four different isoforms of SCD in the mouse is partially
explained by differential tissue distribution of the various iso-
forms. However, it is also becoming apparent that these vari-
ous SCD isoforms may differ in terms of their substrate speci-
ficities. It has been suggested, for instance, that although SCD1
and SCD2 may show greater specificity toward the desatura-
tion of stearate (23,24), SCD3 may prefer palmitate as a sub-
strate (25,26). Support for these hypotheses comes from stud-
ies using the SCD1 knockout (SCD1−/−) mouse model, which,
due to a targeted mutation of the SCD1 gene, exhibits complete
loss of SCD1 expression and activity. However, microsomes
from the Harderian glands of SCD1−/− mice retain the ability
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to desaturate 16:0-CoA, whereas their ability to desaturate
18:0-CoA is reduced by over 90% (21,24). This suggests that
SCD1 may prefer stearate over palmitate as a substrate. Stud-
ies in the preputial glands of SCD1−/− mice have revealed that
although SCD1 and SCD3 activities are virtually absent, SCD2
expression is not attenuated. At the same time, microsomes
from the preputial glands of SCD1−/− mice exhibit greater de-
saturase activity toward 18:0-CoA compared with 16:0-CoA,
suggesting that SCD2 prefers stearate as a substrate (21,25).
Treatment of SCD1−/− mice with testosterone increases SCD3
expression in preputial glands, concomitantly increasing 16:1n-
7 levels; this suggests that the SCD3 isoform may prefer 16:0-
CoA as a substrate (21,25). The substrate specificity of the
newly identified SCD4, if any, is yet to be determined. These
differences in tissue specific expression as well as substrate
specificity may provide additional levels of regulation in deter-
mining the lipid composition of the cell, thereby regulating di-
verse cellular processes.

IS STEARATE FUNCTIONALLY DIFFERENT FROM
OTHER SATURATED FATS?

In general, saturated fat has been recognized as deleterious to
the health because of its hypercholesterolemic and atherogenic
effects. Hence, the recommended dietary intake of saturated fat
has been set at less than 10% of the total daily fat intake. Be-
cause of this generalized recommendation, stearate has been
grouped with other saturated FA simply due to its chemical
structure. However, there is evidence that the effects of stearate
are considerably different from the effects of shorter-chain sat-
urated FA such as laurate, myristate, and palmitate (20,27–31).

The early work of Keys et al. (28) and Hegsted et al. (29)
established that, unlike laurate, myristate, and palmitate,
stearate does not raise plasma cholesterol levels. More recently,
it has been shown in hamsters that although diets high in lau-
rate, myristate, or palmitate increase plasma cholesterol by de-
pressing LDL receptor activity and increasing the rate of LDL
production, stearate does neither and is in fact associated with
a hypocholesterolemic response (32). In humans, stearate has
been shown to be as potent as oleate at reducing plasma LDL
levels (33). Furthermore, our studies with the SCD1−/− mouse
have revealed that despite their inability to desaturate stearate
into oleate, there is no significant accumulation of stearate in
the tissues of SCD1−/− animals even when substantial amounts
of stearate are added to their diets (34). Dietary oleate, on the
other hand, is able to partially rescue the hypolipidemic profile
of SCD1−/− mice (34), suggesting that stearate may not neces-
sarily mediate the hypertriglyceridemic effect associated with
saturated FA.

Several hypotheses have been proposed for why stearate
may behave differently from its shorter-chain saturated FA
counterparts. First, stearate has been shown to be a very poor
substrate for TG and cholesteryl ester formation (20,31). It has
been suggested that stearate, because of its chain length and
saturated nature, is not absorbed efficiently (35). However,
studies in humans show that absorption of stearic acid and its

metabolizable energy are only marginally lower than those of
other FA and are probably insufficient to explain its differential
effects on plasma lipoprotein responses (36,37).

It has also been suggested that the effects of stearate may in
fact be mediated by its desaturation into oleate, catalyzed by
the enzyme SCD (38). Ongoing studies on the role and regula-
tion of SCD will no doubt be key to understanding whether the
conversion of stearate to oleate mediates the intracellular ef-
fects of stearic acid.

CELLULAR STEARATE-TO-OLEATE RATIOS: CLINICAL
IMPLICATIONS

Oleate, the product of SCD, has been shown to be the preferred
substrate for the synthesis of TG, cholesteryl esters, and DAG
(21). It is abundant in the diet and can be obtained from vari-
ous sources including animal and vegetable fats. Despite this,
the SCD enzyme is subject to various forms of regulation by
dietary, hormonal, and environmental factors (22), suggesting
an important role for the maintenance of the cellular ratio of
stearate to oleate. Indeed, the cellular ratio of oleic to stearic
acids has been shown to play a role in various conditions by ef-
fecting changes in membrane fluidity and signal transduction
that can, in turn, regulate cell growth and differentiation
(39–42). In general, changes in SCD expression affect the FA
composition of membrane phospholipids, TG, and cholesteryl
esters and may thus have an impact on diseases of lipid metab-
olism including obesity, diabetes, and cardiovascular disease.
For instance, murine hypertriglyceridemia has been shown to
be well correlated with hepatic SCD activity, and consequently
plasma 18:1/18:0 ratios. Furthermore, in human subjects, a
low-fat, high-carbohydrate diet was found to cause an increase
in the plasma 18:1/18:0 ratio, and this increase was larger in
subjects exhibiting a hypertriglyceridemic response to the diet
compared with those whose TG levels were lower (43).

More recently, it has also been shown that stearate may also
play a role in regulating gene transcription (44). Lin et al. (44)
have shown that saturated FA, including stearate, are involved
in the activation of SREBP, and consequently of lipogenic tar-
get genes. This activation requires the transcriptional coactiva-
tor PGC-1β and also involves concurrent coactivation of the
nuclear receptor LXRα.

Further understanding of the potential role of SCD activity,
and therefore of the stearate–oleate ratio in the cell, has come
from studies in the SCD1 knockout mouse model, as described in
the Desaturation: Stearoyl-CoA Desaturases section. SCD1−/−
mice have very low hepatic TG and cholesteryl ester accumula-
tion and decreased whole-body adiposity (45,46). SCD1−/− mice
also display decreased lipogenic gene expression as well as in-
creased metabolic rates and lipid oxidation (22,45,47,48). SCD1−
/− mice are protected from diet-induced obesity, suggesting that
the loss of SCD activity in this mouse model may protect them
from hypertriglyceridemia as well as hepatic steatosis (34,47,48).
Given the high degree of correlation between atherosclerosis and
cardiovascular disease and HDL and LDL ratios, these findings
in the SCD1−/− mice are of potential clinical significance.
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Furthermore, SCD1−/− mice display greater insulin sensi-
tivity compared with their wild-type littermates and are resis-
tant to diet-induced obesity (49,50). Recently, SCD1 has also
been shown to be a downstream target of the anorexigenic hor-
mone leptin (51), suggesting a potentially prominent role for
this enzyme in the regulation of appetite and body weight, as
well as in insulin sensitivity.

CONCLUSION

As conditions such as obesity reach epidemic proportions,
lipid-induced disorders such as hepatic steatosis, hypertriglyc-
eridemia, cardiovascular disease, and insulin resistance have
moved to the forefront of public health concerns. Given the
severity of this epidemic, there is mounting interest in identify-
ing modifiable risk factors, especially dietary components, that
may contribute to the progression or prevention of lipid-in-
duced diseases. Although saturated fats have generally been
considered to be prolipogenic and proatherogenic, it seems
likely that stearic acid is unique in its effects on plasma lipids
as compared with other saturated FA. Stearate is known to be a
poor substrate for TG and cholesteryl ester synthesis; this may
explain why, unlike laurate, myristate, or palmitate, stearate is
generally not associated with a hypercholesterolemic response.
Stearate is rapidly converted to oleate by the enzyme SCD,
which is subject to various levels of regulation by hormonal,
dietary, and physiological factors. Recent studies using the
SCD1−/− mouse model have revealed several important as-
pects of the potential role that the cellular stearate-to-oleate
ratio may play in conditions such as obesity and insulin resis-
tance. Further studies will be important in deciphering the spe-
cific effects of intracellular stearate in the progression or atten-
uation of lipid-induced disease.
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ABSTRACT: Individual FA have diverse biological effects, some
of which affect the risk of cardiovascular disease (CVD). In the
context of food-based dietary guidance designed to reduce CVD
risk, fat and FA recommendations focus on reducing saturated FA
(SFA) and trans FA (TFA), and ensuring an adequate intake of un-
saturated FA. Because stearic acid shares many physical proper-
ties with the other long-chain SFA but has different physiological
effects, it is being evaluated as a substitute for TFA in food manu-
facturing. For stearic acid to become the primary replacement for
TFA, it is essential that its physical properties and biological ef-
fects be well understood.

Paper no. L9894 in Lipids 40, 1193–1200 (December 2005).

Individual FA have distinctive biological effects and physical
properties. Differences in chain length and degree of satura-
tion/unsaturation account for the unique characteristics of di-
etary FA. FA are provided in the diet in a wide array of differ-
ent fats that vary appreciably in their FA profile. Thus, the FA
composition of the diet reflects the fat sources that are included
in the diet. Moreover, the FA profile of the diet can be modi-
fied by inclusion of different fats. In the context of food-based
dietary guidance designed to decrease saturated FA (SFA) and
trans FA (TFA) and to ensure adequate intake of unsaturated
FA, specific fats are recommended, and others are targeted for
reduction.

Stearic acid, a unique long-chain SFA, has emerged as a
candidate to use as a substitute for TFA in food manufacturing.
It has the requisite physical attributes that a solid fat imparts
and seems to have little effect on important risk factors for car-
diovascular disease (CVD). If stearic acid is to become the con-
ventional replacement for TFA, it is important that we have a
good understanding of its biological effects on a variety of
metabolic systems. This must be assessed in terms of likely in-
take levels due to substituting stearic acid for TFA. The com-
plexity of this is underscored by the need to understand biolog-
ical effects of synthesized fats that contain stearic acid in dif-

ferent positions on the glycerol backbone of the triglyceride
(TG) molecule. Specifically, where stearic acid is located (i.e.,
at the sn-1, sn-2, sn-3 position) could be an important determi-
nant of its health effects. In addition, the overall FA composi-
tional change of the modified fats must be considered when as-
sessing their health effects. The purpose of this paper is to re-
view our current understanding of dietary intake, food sources,
and digestion and absorption of stearic acid. In addition, we
will review studies that have been conducted to assess the ef-
fect of stearic acid on major risk factors for CVD.

DIETARY CONSUMPTION AND FOOD SOURCES
OF STEARIC ACID

Based on data from the Continuing Survey of Food Intakes by
Individuals (CSFII) survey, the average intake of stearic acid is
5.2 g/d for women and 8.1 g/d for men, representing 9.2 and
9.4% of total fat for women and men, respectively (1). The di-
etary consumption of stearic acid has gradually declined from
1987 [3.3% total calories (kcal)] to 1996 (2.9% total kcal). This
decrease has been accompanied by similar decreases in total
SFA (13.2 to 11.3% total kcal), total monounsaturated FA
(MUFA) (14 to 12.5% total kcal), and total PUFA (7.2 to 6.4%
total kcal) (1). Data from the National Health and Examination
Surveys (NHANES I, NHANES II, NHANES III, NHANES
1999–2000) indicate that the percentage of kcal from total fat
has decreased from 36.9 to 32.8% (P < 0.01) for men and from
36.1 to 32.8% (P < 0.01) for women between 1971 and 2000
(2). These reductions in the percentages of kcal from fat reflect
an increase in total kcal consumed (2,450 to 2,618 kcal for men
and 1,542 to 1,877 kcal for women; P < 0.01), and a corre-
sponding increase in carbohydrate intake (42.4 to 49.0% kcal
for men and 44.8 to 49.7% kcal for women). Data from
NHANES I, NHANES II, NHANES III, and NHANES
1999–2000 indicate that the absolute intake of total fat has in-
creased among women (6.5 g; P < 0.01) and decreased among
men (5.3 g; P < 0.01) from 1971 to 2000. Thus, although the
absolute intake of fat has remained relatively stable, the per-
centage of dietary fats has decreased owing to an increase in
total kcal and carbohydrate intake.

Dietary stearic acid intake ranks second among the SFA
consumed in the United States, accounting for 25.8% of SFA
intake and 2.9% of total kcal (1). Palmitic acid is the predomi-
nant SFA consumed in the United States (56.3%) (Fig. 1) (3).
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Sources of dietary SFA are (i) meat, poultry, fish, eggs, dairy
(60%), (ii) grains, vegetables, fruits, sweets, all others that are
prepared with fats (30%), and (iii) fats and oils (10%). The food
groups that account for the greatest intake of stearic acid for men
and women are meat, poultry, and fish and grain products (Table
1) (1). Since 1980, the average annual per capita consumption of
meat has decreased from 136.7 to 119.5 pounds (62.0 to 54.2 kg)
in 2004 (4). This decrease in the consumption of red meat may
account for a reduction in the consumption of dietary stearic acid.
Specific fats that are rich sources of stearic acid include cocoa
butter, lard, beef tallow and butter (Fig. 2) (5).

Given its unique physical characteristics and properties,
stearic acid is currently being considered as a replacement for
TFA in the food supply. Current dietary guidelines recommend
that intake of TFA be kept as low as possible (≤1% of calories)
for all population groups. This recommendation put forth by
the 2005 Dietary Guidelines Advisory Committee (DGAC) (6)
is supported by seven recent publications, a systematic, exten-
sive review of the evidence collected by the Institutes of Medi-
cine (20 controlled trials and 11 epidemiologic studies), and
the analysis of evidence conducted by the National Cholesterol
Education Program Adult Treatment Panel III Report Commit-
tee. Based on CSFII data from 1989 to 1991, the estimated

mean TFA intake for the U.S. population ages 3 and older was
2.6% of calories (7). Industrial sources of TFA account for 80%
of intake, whereas 20% comes from animal sources. Elaidic
acid (t-18:1) is the predominant TFA found in many partially
hydrogenated fats and is produced in the deodorization of veg-
etable oils. These industrial sources of TFA are commonly
found in commercially prepared baked products, fried foods,
and margarine. Meat and dairy products contain the naturally
occurring TFA vaccenic acid and CLA.

GENERAL DIGESTION AND ABSORPTION
OF STEARIC ACID

The major lipids in the diet are TG, which are the carriers of di-
etary FA. These lipids must be hydrolyzed and emulsified be-
fore they can be absorbed (8). The first step in hydrolysis, initi-
ated by lingual and gastric lipases, results in the formation of
DG and FFA. Approximately 10–30% of dietary fat is hy-
drolyzed in the stomach before moving to the duodenum, where
the majority of TG digestion occurs (9). Pancreatic lipase is se-
creted into the duodenum, where it is activated by colipase, and
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FIG. 1. Percentage of total saturated fat for various FA.

TABLE 1
Stearic Acid from Selected Food Groups: Mean Intakes (g)
for Men and Women, >20 yr

Food group Men Women

Grain products 1.99 1.33

Vegetables 0.62 0.39

Fruits 0.01 0.01

Milk/milk products 1.36 0.94

Meat, poultry, fish 2.96 1.66

Eggs 0.26 0.16

Legumes 0.12 0.08

Fats and oils 0.49 0.36

Nuts and seeds 0.08 0.05

Sugars and sweets 0.21 0.18

Beverages 0.01 <0.005

FIG. 2. FA content of common fats and oils.



acts to hydrolyze TG. Pancreatic lipase preferentially hy-
drolyzes the FA in the sn-1 and sn-3 positions of the TG while
leaving the FA in the sn-2 position, thus producing 2-monoglyc-
eride (MG) and FFA as the products (10). Some further hydrol-
ysis of the MG occurs, with less than 25% of dietary TG being
completely hydrolyzed to glycerol and three FA (8). Bile acids
emulsify the products into soluble micelles, which are carried to
the brush border of the enterocyte and taken up via facilitated
diffusion. In the enterocyte, TG are resynthesized and are trans-
ported in chylomicrons to lymph where they are carried to the
blood stream.

As reviewed by Kritchevsky (11), early animal studies
demonstrated that stearic acid or TG rich in stearic acid were
absorbed less efficiently than other SFA such as lauric, myris-
tic, and palmitic acids. Studies in animals have shown that
stearic acid esterified on the sn-1 and sn-3 positions of glycerol
has limited bioavailability (12,13). Mattson et al. (14) have
demonstrated in rats that stearic acid is well absorbed when lo-
cated in the sn-2 position of the TG, but only 55% is absorbed
when located in the sn-1 or sn-3 position with two oleates on
the TG. Furthermore, stearic acid located in both the sn-1 and
sn-3 positions resulted in only 37% absorption (14). A study in
rats comparing the digestibilities of increasing amounts of di-
etary corn oil (2% stearic acid) and cocoa butter (34% stearic
acid) reported significantly lower digestibility coefficients for
cocoa butter vs. corn oil (15). Digestibility coefficients for 5,
10, and 20% corn oil were 92.7 ± 0.9, 96.9 ± 0.1, and 96.3 ±
0.2%, respectively, whereas coefficients for cocoa butter at the
same levels of intake were 58.8 ± 0.5, 60.3 ± 1.4, and 71.7 ±
1.3%, respectively.

More recent studies have reported that stearic acid is gener-
ally well absorbed. A randomized study in free-living healthy

men comparing the digestibility of moderate amounts of cocoa
butter (30.7 g/d) with that of corn oil demonstrated that there
were no significant differences in fecal weight, fecal fat, or
defecation frequency between the two treatments (16). A study
conducted by Denke and Grundy (17) in men demonstrated
that oleic acid was 99% absorbed, palmitic acid was 96–97%
absorbed, and stearic acid was 90–94% absorbed. Furthermore,
a comparison of stearic acid and palmitic acid metabolism
using stable-isotope tracer methods indicates that absorption of
stearic acid is not significantly different from palmitic acid
(18). The most recent study conducted to date that evaluated
the absorption of stearic acid reported that stearic acid absorp-
tion was less (P < 0.0002) than that of palmitic acid (94% vs.
97%, respectively); absorption of other FA studied (lauric,
myristic, oleic, linoleic, and trans 18:1 monomers) was higher
(P < 0.001; >99%) than that of stearic and palmitic acids (19).

INFLUENCE OF POSITION OF STEARIC ACID IN TG
ON DIGESTION AND ABSORPTION

A high proportion of SFA is usually found in the sn-2 position
in many animal fats. In most vegetable-derived fats, SFA pri-
marily occupies the sn-1 and sn-3 positions, whereas the sn-2
position is enriched with unsaturated FA (Table 2) (20–29). It
has been hypothesized that the position of the FA on the glyc-
erol backbone is more important than the overall saturation of
TG in affecting the level of postprandial lipemia. Test fats pre-
pared by using randomization (18:0 or 16:0 in the sn-2 posi-
tion) indicated lower TG levels than when presented in the sn-1
or sn-3 position (30–32).

In the manufacturing process used to synthesize fats, posi-
tioning changes of FA on the glycerol backbone of TG can be

BIOLOGICAL EFFECTS OF STEARIC ACID 1195

Lipids, Vol. 40, no. 12 (2005)

TABLE 2
Positional Distributions of FA (mol%) in TGa

FA (mol%)

Position Palmitic (16:0) Stearic (18:0) Oleic (18:1) Linoleic (18:2)

Seed oils
Peanut 1 and 3 14 and 11 5 and 5 59 and 57 18 and 10

2 1 Traceb 58 39
Soybean 1 and 3 14 and 13 6 and 6 23 and 28 48 and 45

2 1 Trace 21 70
Maize 1 and 3 18 and 13 3 and 3 27 and 31 50 and 51

2 2 Trace 26 70
Cocoa butter 1 and 3 34 and 37 50 and 53 12 and 9 1 and —

2 2 2 87 9
Animal fats
Human 1 and 3 42 and 19 15 and 6 27 and 57 6 and 11

2 10 and — 2 55 4
Cattle 1 and 3 41 and 22 17 and 24 20 and 37 4 and 5

2 17 9 41 5
Pig 1 and 3 10 / - 30 and 7 51 and 73 6 and 8

2 72 2 13 3
Milk products
Cow 1 and 3 36 and 5 15 and 1 21 and 23 1 and 2

2 33 6 14 3
aAdapted from Kubow (29). 
bTrace, <1 mol%.



achieved by several techniques, leading to increased SFA and
stearic acid in the sn-2 position. One way is to interesterify nat-
ural or fractionated oils and fats. Interesterification involves the
redistribution and interchange of FA within and between the
TG molecules. Interesterification does not result in formation
of TFA. Generally, interesterification is used to change the m.p.
of oils, fats, and mixtures. Chemical interesterification pro-
duces a complete positional randomization of acyl groups in
TG molecules. In contrast, enzymatic interesterification uses
lipases as a catalyst and results in more selective interesterifi-
cation (33).

In contrast to the naturally occurring sources of fats used in
the above studies, synthetic randomized stearic acid-rich fat
substitutes have been reported to result in low fat digestibility
and high stearic acid excretion. In the study conducted by
Sanders et al. (34), 17 subjects consumed 50 g of fat as either
natural cocoa butter or randomized cocoa butter to test the dif-
ferences in postprandial lipemia changes. After randomization
of the fats, the proportion of oleic acid in the sn-2 position of
the chylomicron TG was reduced from 67.4 to 35.9 mol% and
resulted in an increase in the proportion of stearic acid in the
sn-2 position from 9.2 to 25.4 mol%. Compared with the un-
randomized cocoa butter, the randomization resulted in the re-
duction of the postprandial plasma TG area under the curve by
41% (P < 0.01). At 3 h after the fat intake, the plasma concen-
trations of TG, 16:0, 18:0, and 18:1 were 26, 18, 34, and 19%
lower, respectively.

These results are consistent with data from Berry and
Sanders (35). The investigators compared the results of con-
sumption of 50 g of cocoa butter with 50 g of randomized 18:0-
rich fat derived from sunflower oil (43 mol 18:0/100 mol in the
sn-2 position). The randomized fat led to a significantly lower
postprandial lipemia; at 4 h the serum concentration of 18:0
was 70% lower than that with cocoa butter.

In contrast to the naturally occurring sources used in the
above studies, a synthetic randomized stearic acid-rich fat sub-
stitute, SALATRIM, has been reported to result in a low fat
digestibility and high stearic acid excretion (36). SALATRIM
is composed of structured TG containing long-chain FA, pre-
dominantly stearic acid, and the short-chain aliphatic acids
acetic, propionic, and butyric acids. In a clinical trial deter-
mining the absorption of stearic acid using SALATRIM, sub-
jects were assigned to either an 1800 kcal/d diet or a 2500
kcal/d based on sex, body weight, and age, and were given one
of two doses of SALATRIM, providing 27.4 and 34.2 g/d of
stearic acid, respectively. The absorption of stearic acid was
72.4 and 63.5% on the 1800 kcal diet and 2500 kcal diet, re-
spectively. In addition, subjects consuming SALATRIM ex-
hibited an increase in stearic acid excretion. These results sug-
gest that the position of stearic acid in structured TG effects
the absorption of stearic acid.

The differences between the digestion and absorption of nat-
ural fats and randomized fats might occur for the following rea-
sons. During the test fat preparation, randomization led to a
marked decrease in the proportion of the symmetrical TG mol-
ecules and increases in the proportions of asymmetrical TG

(34). In addition, interesterification increased the proportion of
trisaturated TG as well. The consequences of randomization
were that the high m.p. of TG was elevated. Thus, TG contain-
ing stearic acid in the sn-2 position were not efficiently ab-
sorbed or else their release into the circulation was delayed
(33). As absorption is affected by the position of FA on the TG
molecule, alteration of the postprandial lipid response would
be expected.

PHYSIOLOGICAL CONSEQUENCES OF STEARIC ACID

Early feeding studies conducted by Keys et al. (37,38) and
Hegsted et al. (39) demonstrated that SFA elevate serum total
cholesterol (TC) and subsequently increase CVD risk. Data
from these studies were used to develop predictive equations
to establish the hypercholesterolemic effects of SFA. More re-
cently, regression analyses have been used to develop equa-
tions that predict the effects of SFA, MUFA, and PUFA on dif-
ferent lipoprotein classes [e.g., LDL-cholesterol (LDL-C) and
HDL-cholesterol (HDL-C)] (40,41), as well as TC levels
(37–39). These studies have demonstrated that stearic acid has
no effect on TC, LDL-C, and HDL-C levels (42), when com-
pared with myristic acid, lauric acid, and palmitic acid (43). A
recent meta-analysis of 60 controlled trials determined the ef-
fects of different SFA relative to carbohydrate (CHO) on serum
lipids and the TC/HDL-C ratio (44). Stearic acid and lauric acid
both reduced the ratio due to slight decreases in TC or increases
in HDL-C, respectively; myristic and palmitic acids had little
effect on the ratio due to similar increases in both TC and HDL-
C. Furthermore, stearic acid, myristic acid, lauric acid, and
palmitic acid significantly reduced TG levels by approximately
0.017 mmol/L (P < 0.001) (44).

The evidence base presented in the meta-analysis by Mensink
et al. (44) clearly demonstrates that stearic acid has a neutral ef-
fect on lipids and lipoproteins, when replacing CHO in the diet.
Clinical trials have demonstrated that when stearic acid is substi-
tuted for CHO and oleic acid at 5 and 13% of total energy, re-
spectively, lipids and lipoproteins are not affected (45,46). Con-
trolled feeding studies have shown that stearic acid intakes, rang-
ing from 9.3 to 40% of total energy, tend to decrease plasma TC
(47–51) and LDL-C (17,47,49,51) levels when compared with
baseline levels and diets in which palmitic acid is substituted for
stearic acid. Consistent with the change in LDL-C, two studies
demonstrated that diets with stearic acid contributing 9.3 and
36% of energy significantly decreased plasma levels of
apolipoprotein B by 10 and 18%, respectively, in comparison
with values at baseline (49), and after a diet rich in palmitic acid
(36% of total energy) (48). However, when stearic acid con-
tributed 9.3% of energy, lipoprotein(a) also significantly in-
creased when compared with baseline levels (49). This increase
is consistent with those found in other studies that evaluated the
effects of stearic acid on fasting (52,53) and postprandial (54)
lipoprotein(a) levels compared to diets rich in palmitic acid. The
effects of stearic acid on HDL-C and TG levels are less consis-
tent, with some demonstrating beneficial effects (55), adverse ef-
fects (49), or no effects (45–47,50,56). Following stearic acid in-
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takes at 5% of total energy, the HDL-C level was 0.08 ± 0.03
mmol/L higher (P < 0.01) and the TG level was 0.06 ± 0.03
mmol/L lower (P < 0.05), compared with stearic acid intakes at
2.2% of total energy (55). However, when stearic acid con-
tributed 9.3% of total energy, HDL-C decreased by 11% (49).

Postprandial lipemia and the activation of thrombotic fac-
tors during the postprandial state are associated with an in-
creased risk of CVD. The effects of a high-fat meal on post-
prandial lipids and thrombotic factors have been evaluated ex-
tensively. Specifically, a stearic acid-rich meal increases
postprandial lipemia, as measured by the area under the curve
for plasma TG concentrations, but to a lesser extent than oleic
(30), elaidic (30), and palmitic acids (30,57). The concentra-
tion of activated factor VII (FVIIa), a vitamin K-dependent co-
agulation factor, and the coagulation activity of factor VII tend
to increase during the postprandial state following a stearic
acid-rich meal (30,57,58). However, FVIIa increases, to a
lesser extent, after a stearic acid-rich meal in comparison with
a meal rich in oleic acid (30) or palmitic acid (57).

The evidence on the effects of stearic acid on hemodynamic
measures is conflicting. Epidemiologic data from the Multiple
Risk Factor Intervention Trial indicates that the serum level of
cholesterol ester stearic acid is inversely associated with dias-
tolic blood pressure among middle-aged men at high risk of
coronary heart disease (60). Each SD increase of serum level
of cholesterol ester stearic acid (0.2%) was associated with a
decrease of 1.4 mm Hg (95% confidence interval, −2.5 to −0.2
mm Hg) (60). In another study, each SD increase in the propor-
tion of stearic acid in serum cholesterol esters was associated
with significant improvement in left ventricular diastolic func-
tion, as measured by Doppler echocardiograph, by 0.10 units
(r = −0.29, P < 0.05) in healthy men (61). Controlled clinical
trials have shown that diets with stearic acid contributing 8 and
13% of energy have no effect on blood pressure in patients with
diabetes mellitus (45) or normotensive men and women (62),
respectively.

There is minimal evidence about the effects of stearic acid
on inflammatory markers. One study has shown that when
stearic acid contributes 11% of total energy (39% energy from
fat, 46% energy from CHO, and 15% energy from protein),
plasma fibrinogen concentrations are significantly elevated
4.4% in comparison with a CHO-rich diet [31% energy from
fat (3% from stearic acid), 54% energy from CHO, and 15%
energy from protein]. Plasma levels of C-reactive protein, in-
terleukin-6, and E-selectin were unchanged when stearic acid
provided 11% of energy in the diet compared with the CHO
diet that provided 3% of energy from stearic acid (63). This
study also demonstrated that when stearic acid and TFA are
each substituted for 4% of energy from CHO {39% energy
from fat [7% from stearic acid (4% from substitution, 3% natu-
rally occurring)], 46% energy from CHO, and 15% energy
from protein} plasma levels of fibrinogen, C-reactive protein,
interleukin-6, and E-selectin were unchanged (63). Although
fibrinogen levels were increased when stearic acid contributed
11% of total energy, this intake level is well above the current
intake level (3% of total energy) (1). All markers of inflamma-

tion were unaffected at the lower intake level of stearic acid
(7% of total energy), which is also above current intake.

Epidemiologic data from the Atherosclerosis Risk in Com-
munities study has shown that diabetes incidence is positively
associated with the proportion of stearic acid in plasma phos-
pholipids (64). In patients with diabetes, 13.7 ± 1.2% of FA in
plasma phospholipids was stearic acid; whereas stearic acid
contributed 13.2 ± 1.1% of FA in plasma phospholipids in pa-
tients without diabetes (P < 0.01). The percentage of total SFA
in plasma phospholipids was higher in patients with diabetes
(64). Clinical trials have shown that measures of glucose me-
tabolism, such as the insulin sensitivity index and glucose ef-
fectiveness in healthy women (46) and fructosamine, glycosy-
lated hemoglobin (HbA1c), and fasting blood glucose in pa-
tients with type 2 diabetes (45), are unaffected by diets rich in
stearic acid (5 and 13% of total energy, respectively).

Although stearic acid consistently has been shown to have
neutral effects on lipids and lipoproteins, the effects of stearic
acid on thrombosis, inflammation, and hemodynamic pathways
are less clear. Owing to limited evidence regarding the effects
of stearic acid and other 18-carbon FA on hemostatic function,
oxidation, and inflammation, recent research cautions against
exchanging stearic acid for other FA in the diet at this time (56).
Furthermore, the effects of increasing dietary stearic acid, as a
substitute for TFA, need further evaluation since these emerg-
ing markers of CVD risk are of potential concern (65).

ESTIMATING THE PROJECTED INCREASE IN DIETARY
STEARIC ACID

Given our current understanding of the biological effects of
stearic acid, and the fact that it is being considered as a substi-
tute for TFA, it is important to estimate what the increase of
stearic acid would be in the diet when substituted for trans fats.
The following is a simulation that presents a projected estimate
of how much stearic acid would increase in the diet if it were
the sole FA substitute for TFA. Based on NHANES IIII data
for males of all ages (consuming 2,666 cal/d), trans fat intake
is 6.1 g/d (2.03% of calories). The DGAC 2005 Report esti-
mated that the lower threshold of intake for TFA is 1% of total
calories (because the process of deodorization of oils creates a
small amount of TFA) (66). Thus, substituting the other 1% of
TFA calories with stearic acid correspondingly would increase
stearic acid intake by 3 g. The current stearic acid consumption
is 8.2 g/d. Thus, a one-for-one substitution of the “1%” TFA
with stearic acid intake and addition of this to the current
stearic acid intake (8.2 g/d) would result in a stearic acid intake
of 11.2 g/d, or 3.7% of calories. If twice the amount of stearic
acid was needed to substitute for every one unit of trans fat,
then stearic acid intake would be 14 g/d, or 4.7% of calories.
At the upper end of trans fat intake (66), which is 3.2% of calo-
ries, if stearic acid were fully substituted for trans fat at a daily
calorie level of 2,666, this would result in an intake of stearic
acid of about 17 g/d (8.2 g from usual diet and 9 g from trans
fat substitution). If twice the amount of stearic acid was needed
to be substituted for every one unit of trans fat (at an intake of
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3.2%), then stearic acid intake would be 26 g/d, or 9% of calo-
ries. Even at this extreme intake (which is not realistic because
other fat sources likely also will be substituted for trans fat), it
is unlikely that any adverse effects of this level of stearic acid
would be observed. This is based on the report by Baer et al.
(63) in which consumption of about 38 g of stearic acid per day
increased fibrinogen, but 24 g/d had no effect. Collectively,
these simulations assume that all trans fat is substituted by
stearic acid, an assumption that it is not likely to occur.
Nonetheless, this estimation provides a reasonable perspective
of the extreme to which stearic acid intake might change. Based
on this, it is clear that the increased intake is in the range where
adverse effects are not likely.

CONCLUSION

Based on the available evidence about the biological effects of
stearic acid, we propose that it is a viable candidate as a re-
placement for trans FA. It is clear that stearic acid is uniquely
different from other long-chain SFA. It does not raise TC and
LDL-C levels. However, the effects on other markers of CVD
risk, such as hemostatic factors and inflammation, remain un-
clear. With respect to its absorption, recent studies with natu-
rally occurring fats and oils have demonstrated that absorption
is relatively similar to other SFA, whereas structured/synthe-
sized lipids containing stearic acid may exhibit reduced absorp-
tion. Different food applications have different fat needs, in-
cluding liquid fats for frying (e.g., French fries, chicken) and
solid fats for bakery products (e.g., pastry crust, cookies) and
snacks (e.g., crackers and chips). Stearic acid can replace trans
FA in fats that are used to produce some of these foods. Conse-
quently, stearic acid would be increased in the food supply and
diet; however, even when considering extremes in its inclusion
in the diet, stearic acid intake would change less than twofold.
More research is needed to achieve a comprehensive under-
standing of the health effects of increasing dietary stearic acid.
A small increase appears not to have any adverse effects on
CVD risk factors and, in fact, stearic acid may indirectly have
positive health effects as a consequence of replacing trans FA
in the diet.
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ABSTRACT: More than 40 years ago, saturated FA with 12, 14,
and 16 carbon atoms (lauric acid, myristic acid, and palmitic
acid) were demonstrated to be “hypercholesterolemic saturated
FA.” It was further concluded that the serum total cholesterol
level would hardly be changed by isocaloric replacement of
stearic acid (18:0) by oleic acid (cis-18:1n-9) or carbohydrates.
These earlier studies did not address the effects of the various FA
on the serum lipoprotein profile. Later studies found that the hy-
percholesterolemic saturated FA increase serum total cholesterol
levels by raising concentrations of both the atherogenic LDL and
the antiatherogenic HDL. Consequently, the ratio of total to HDL
cholesterol will hardly change when carbohydrates replace these
saturated FA. Compared with other saturated FA, stearic acid low-
ers LDL cholesterol. Studies on the effects on HDL cholesterol are
less conclusive. In some, the effects on HDL cholesterol were
comparable to those of palmitic acid, oleic acid, and linoleic
acid, whereas in others a decrease was observed. This may sug-
gest that in this respect the source of stearic acid is of importance,
which needs however further study. From all these studies, how-
ever, it can be concluded that stearic acid may decrease the ratio
of total to HDL cholesterol slightly when compared with palmitic
or myristic acid. Without doubt, the effects of stearic acid are
more favorable than those of trans monounsaturated FA.

Paper no. L9817 in Lipids 40, 1201–1205 (December 2005).

More than 40 years ago, Keys and colleagues (1) demonstrated
that saturated FA with 12, 14, and 16 carbon atoms (lauric acid,
myristic acid, and palmitic acid) are the so-called hypercholes-
terolemic saturated FA. This means that iso-caloric replace-
ment of carbohydrates by these FA increases serum total cho-
lesterol concentrations. Furthermore, serum total cholesterol
level is hardly changed by isocaloric replacement of stearic
acid (18:0) for oleic acid (cis-18:1n-9) or carbohydrates. From
another series of well-controlled studies, Hegsted and cowork-
ers (2) also concluded that stearic acid, oleic acid, and carbo-
hydrates had comparable effects on serum total cholesterol
concentrations. In addition, they suggested that, in particular,
myristic and to a lesser extent palmitic acid were hypercholes-
terolemic. These earlier studies did not, however, address the
effects of stearic acid on the serum lipoprotein profile, which is
important in view of the opposing relationships of LDL and
HDL cholesterol with cardiovascular risk. The aim of this re-

view therefore is to summarize findings from well-controlled
studies on the effects of stearic acid on serum lipids and
lipoproteins in humans.

HUMAN STUDIES ON THE EFFECTS OF STEARIC ACIDS
ON SERUM LIPIDS AND LIPOPROTEINS

In 1990, Grande et al. (3) published a study of the effects of
stearic and palmitic acids on serum total cholesterol concentra-
tions in man. Thirty healthy men were given four different
diets. Three of these diets were rich in stearic acid. One of the
three diets was made from cocoa butter, whereas the other two
diets were made by randomization of palm oil, totally hydro-
genated soybean oil, olive oil, and safflower oil. The fourth diet
was rich in palmitic acid. The three stearic acid-rich diets pro-
duced nearly identical serum total cholesterol concentrations,
which were lower than those on the diet rich in palmitic acid. It
was further concluded that cocoa butter did not contain any
special cholesterol-lowering substance.

Bonanome and Grundy (4) studied the effects of liquid-for-
mula diets rich in stearic acid, palmitic acid, and oleic acid in
11 male subjects. The fat that was high in stearic acid was made
by hydrogenation of soybean oil. This hydrogenated oil, which
consisted of 90% stearic acid, was hydrolyzed and randomly
interesterified with high-oleic safflower oil. In the end, the ex-
perimental fat consisted of nearly 43% stearic acid. In the diet
that was high in palmitic acid, palm oil was the only source of
fat. High-oleic acid safflower oil was used for the diet high in
oleic acid. Compared with the diet high in palmitic acid, the
diets rich in stearic acid and oleic acid lowered serum total and
LDL cholesterol concentrations. No effects on other lipopro-
teins were found, although it should be noted that HDL choles-
terol concentrations were lowest on the diet high in stearic acid.
Intestinal absorption of palmitic acid, stearic acid, and oleic
acid in the three dietary periods varied between 97 and 100%.

Denke and Grundy (5) examined the influence of beef tallow
and cocoa butter, two fats high in stearic acid, on the serum
lipoprotein profile. In addition, butterfat and olive oil were ex-
amined. The liquid-formula diets were given in random order
for 3 wk to 10 middle-aged men. Butterfat raised serum total
and LDL cholesterol concentrations the most, while concentra-
tions were the lowest on olive oil. Levels were intermediate on
the two diets rich in stearic acid. No effects on HDL cholesterol
were found. Serum TAG concentrations on the olive oil diet
were significantly lower than those on the beef diet. In addition,
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fecal excretion of the FA was studied. It was reported that
90–94% of the stearic acid, 96–97% of the palmitic acid, and
99% of the oleic acid were absorbed.

In another well-controlled trial with 56 subjects Zock and
Katan (6) compared the effects of stearic acid with those of trans
monounsaturated FA and linoleic acid. Fats for the stearic acid-
rich diet were produced by interesterification of a mixture of
fully hydrogenated high-linoleic acid sunflower oil with high-
oleic acid sunflower oil and high-linoleic acid sunflower oil. A
fat high in trans monounsaturated FA was made by isomeriza-
tion of high-oleic acid sunflower oil. The isomerized fat was
mixed with high-oleic acid-rich oil. Sunflower oil was the main
source for the preparation of the diets rich in linoleic acid. The
results showed that stearic acid and trans monounsaturated FA
had comparable effects on the serum lipoprotein profile. Com-
pared with linoleic acid, these two FA increased total and LDL
cholesterol and decreased HDL cholesterol. In addition, the
stearic acid-rich diet increased serum concentrations of TAG
slightly.

In 18 normocholesterolemic young men, Kris-Etherton et
al. (7) examined the effects of whole-foods prepared with dif-
ferent test fats. The diet high in stearic acid was made from
cocoa butter, the diet high in oleic acid from olive oil, the diet
high in linoleic acid from soybean oil, and the diet high in sat-
urated FA from butter. Cocoa butter lowered serum LDL cho-
lesterol when compared with butter. Concentrations, however,
were the lowest on the diet high in linoleic acid. Sunflower oil
also decreased TAG. No effects on HDL were observed.

Tholstrup and colleagues (8) studied the effects of shea but-
ter, of palm oil, and of a mixture of palm kernel oil plus high-
oleic sunflower oil in 15 young men. Shea butter is a fat com-
monly used in some African countries that is rich in stearic and
oleic acids: 42 and 45% of total FA, respectively. Stearic acid
is exclusively at the sn-1 position of the TAG molecule. The
other two fats were rich, respectively, in palmitic acid and in
lauric acid plus myristic acid. Serum total, LDL, and HDL cho-
lesterol concentrations were the lowest on the fat high in stearic
acid. Serum TAG concentrations did not differ between the
three diets.

Dougherty et al. (9) found that stearic acid lowered serum
total and LDL cholesterol when compared with palmitic acid.
Serum HDL cholesterol and TAG concentrations were compa-
rable between the two diets. In this study with 10 middle-aged
males, shea butter was used for the preparation of fat high in
stearic acid, and palmitic acid was used for the production of a
fat high in palmitic acid.

To compare the effects of stearic acid and trans monounsatu-
rated FA on serum lipoproteins, Aro et al. (10) fed 80 volunteers
two different diets. The diet high in stearic acid was made by in-
teresterification of a mixture of fully hydrogenated sunflower oil
and of sunflower oils rich in oleic or linoleic acids. Compared
with the diet high in trans FA, the diet high in stearic acid low-
ered LDL cholesterol and TAG but increased HDL cholesterol.

In a small study with only 6 young healthy men, Hunter et
al. (11) compared the effects of stearic acid, oleic acid, and
linoleic acid on serum lipoproteins. Stearic acid in the test fat

was positioned at the sn-1 and/or sn-3 position. Serum lipid and
lipoprotein concentrations did not differ significantly among
the three diets, probably due to the limited number of subjects
that participated in the study.

In a large study with 50 volunteers, Judd et al. (12) exam-
ined the cholesterolemic effects of six different diets. One diet
was specifically enriched with stearic acid and another diet in
stearic acid plus trans monounsaturated FA. The other diets
were rich in a mixture of saturated FA, carbohydrates, oleic
acid, or trans monounsaturated FA. A high-stearate fat was
made from a randomized mixture of completely hydrogenated
soybean oil, coconut oil, canola oil, and ethyl myristate. Stearic
acid lowered LDL cholesterol when compared with trans FA
but increased it relative to oleic acid. Differences in concentra-
tions among the other diets did not reach statistical signifi-
cance. For HDL cholesterol, concentrations were the lowest on
the diets rich in stearic acid and trans FA. TAG concentrations
were also slightly elevated in the diet high in stearic acid.

These studies clearly show that stearic acid lowers the
atherogenic LDL cholesterol concentrations when compared
with lauric acid, myristic acid, palmitic acid, and trans mo-
nounsaturated FA. In fact, effects of stearic acid on LDL cho-
lesterol are comparable to those of oleic acid. For HDL choles-
terol, results are less conclusive. Several studies suggest that
stearic acid slightly lowered HDL cholesterol when compared
with the other saturated FA and cis-unsaturated FA
(4,6,8,9,11,12), although differences did not always reach sta-
tistical significance (4,11). Other studies, however, could not
demonstrate an effect of stearic acid on HDL cholesterol (5,7).
There is no obvious explanation for the discrepant findings. It
can be speculated that the source of stearic acid is important.

Studies of the effects of stearic acid have been limited by the
composition of available oils and fats. In some experiments,
cocoa butter and shea butter have been used as major sources of
stearic acid. Other studies, however, have used synthetic fats.
Most of these fats were made by fully hydrogenating oils rich in
linoleic acid, which were then randomly interesterified with
other oils and fats. The advantage of this approach is that fats
with any desired FA composition can be made. In addition, it is
possible to avoid the presence of tristearate, which is poorly ab-
sorbed due to its high m.p. A potential disadvantage is that in tai-
lor-made fats about one-third of the stearic acid is situated at the
sn-2 position. In shea and cocoa butters, stearic acid is mainly
located at the sn-1 or sn-3 position. For palmitic acid, there is no
strong evidence that TAG structure determines plasma lipid con-
centrations (13). For stearic acid, this question has never been
studied systematically. Table 1 shows that in all studies with syn-
thetic fats stearic acid slightly lowered HDL cholesterol. Of the
studies that used natural fats, shea butter decreased HDL choles-
terol (8,9), whereas effects were less evident in the two studies
that have used cocoa butter and beef tallow (5,7). Thus, the ques-
tion remains open whether TAG structure or source of fat is im-
portant to the effects of stearic acid fats on HDL cholesterol.

Finally, it should be noted that effects of stearic acid on
HDL cholesterol were more favorable than those of trans mo-
nounsaturated FA (6,10).
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EFFECTS OF STEARIC ACIDS ON SERUM LIPIDS
AND LIPOPROTEINS: RESULTS OF A META-ANALYSIS

Estimates of the effects of dietary FA on the serum lipoprotein
profile can be obtained in several ways. One approach is to ex-
change isocalorically within one study a particular FA for an-
other FA or for carbohydrates. These studies have been dis-
cussed above. The number of diets, however, that can be ex-
amined within one experiment is limited. In addition, results
may vary between experiments because of differences in the
experimental designs. Another approach is to carry out a meta-
analysis, in which the results from many independent experi-
ments are combined with statistical techniques. In this way, it
is possible to estimate the mean change in serum lipoprotein
levels for a group of subjects when 1% of the energy from car-
bohydrates is replaced by an isocaloric amount of a particular
FA. Two years ago, we published such a meta-analysis (14).
The studies (those that were included) had to meet certain cri-
teria. First, food intake of the participants had to be controlled
thoroughly, with dietary FA being the sole variable. Thus, en-
ergy intake, cholesterol intake, and dietary fiber intake had to
be constant throughout the study. Second, the experimental de-
sign used had to eliminate the effect of nonspecific drifts of the
outcome variables with time. This can be achieved by feeding
the different diets side-by-side (parallel design), or by giving
the diets to the volunteers in random order (cross-over or Latin
square design). Third, dietary periods had to be at least 14 d,
which is sufficiently long for serum lipids to reach a new
steady-state situation. Fourth, only studies with healthy per-
sons who did not suffer from disturbances of lipid metabolism
or diabetes were included. Finally, diets that had been specifi-
cally enriched in the very long chain n-3 PUFA (fish oils) were
excluded, as these FA have specific effects on the serum
lipoprotein profile.

In the end, we identified 35 studies that had reported intakes

of individual saturated FA. In these studies, 91 different diets
were fed. The effects of stearic acid on LDL cholesterol were
found to be very similar when compared with carbohydrates.
Relative to other saturated FA (lauric acid, myristic acid, and
palmitic acid) and trans monounsaturated FA, however, stearic
acid lowered LDL cholesterol (Table 2). A comparable picture
was obtained for HDL cholesterol. Lauric acid strongly in-
creased HDL cholesterol, but the effects decreased with in-
creasing chain length. Again, trans monounsaturated FA had
the most unfavorable outcome. In this meta-analysis, the ef-
fects of the individual FA on the total to HDL cholesterol ratio,
which also predicts the risk for coronary heart disease, also
were estimated. It was found that lauric acid favorably de-
creased this ratio relative to carbohydrates. This ratio was less
affected by the other three saturates, although it was somewhat
more favorable for stearic acid than for myristic and palmitic
acids. When compared with carbohydrates, all saturated FA de-
creased TAG concentrations to the same extent. Effects of mo-
nounsaturated FA and PUFA on TAG concentrations were also
more favorable than those of carbohydrates.

An important question, of course, is whether the assumed
estimates for the effects of the individual FA are appropriate.
This can be tested by applying these estimates to an experiment
that was not part of the meta-analysis. Recently we finished a
study (Mensink, R.P., and Cardone, K., unpublished data) in
which the effects of two semisolid fats were compared. One fat
was high in palmitic acid. For the other fat, about 34% of the
palmitic acid (calculated as the percentage of the experimental
fat) was replaced for 9% stearic acid, 18% oleic acid, and
nearly 4% trans FA. Experimental fats provided about 17% of
total energy. For LDL a decrease of −0.23 mmol/L was pre-
dicted, whereas a decrease of −0.34 mmol/L was observed. For
HDL, these values were, respectively, −0.03 and −0.06
mmol/L. This shows that these formulas are not conclusive, but
do give a valuable indication of the expected effects.
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TABLE 2 
Estimated Effects for the Change in Serum Lipids and Lipoproteins for a Group of Subjects When 1% of Energy in the Diet from Carbohydrates
Is Replaced Isocalorically by a Particular FAa

Total cholesterol LDL cholesterol HDL cholesterol Total to HDL TAG
FA (mmol/L) (mmol/L) (mmol/L) cholesterol ratio (mmol/L)

Stearic acid Change −0.010 −0.004 +0.002 −0.013 −0.017
95% CI −0.026 to 0.006 −0.019 to 0.011 −0.001 to 0.006 −0.030 to 0.003 −0.024 to −0.010

Lauric acid Change +0.069 +0.052 +0.027 −0.037 −0.019
95% CI 0.040 to 0.097 0.026 to 0.078 0.021 to 0.033 −0.057 to −0.017 −0.028 to −0.011

Myristic acid Change +0.059 +0.048 +0.018 −0.003 −0.017
95% CI 0.036 to 0.082 0.027 to 0.069 0.013 to 0.023 −0.026 to 0.021 −0.027 to −0.006

Palmitic acid Change +0.041 +0.039 +0.010 +0.005 −0.017
95% CI 0.028 to 0.054 0.027 to 0.051 0.007 to 0.013 −0.008 to 0.019 −0.023 to −0.011

Trans-monounsaturates Change +0.031 +0.040 0.000 +0.022 0.000
95% CI 0.020 to 0.042 0.020 to 0.060 −0.007 to 0.006 0.005 to 0.038 −0.012 to 0.012

Cis-monounsaturates Change −0.006 −0.009 +0.008 −0.026 −0.019
95% CI −0.012 to 0.000 −0.014 to −0.003 0.005 to 0.011 −0.035 to −0.017 −0.024 to −0.014

Cis-polyunsaturates Change −0.021 −0.019 +0.006 −0.032 −0.026
95% CI −0.027 to −0.015 −0.025 to 0.013 0.003 to 0.009 −0.042 to −0.022 −0.031 to −0.020 

aData are derived from Reference 13. CI, confidence interval.



CONCLUSION

Effects of stearic acid on LDL cholesterol levels are more com-
parable to those of oleic acid than to those of the cholesterol-
raising saturated FA or trans monounsaturated FA. Stearic acid
may slightly decrease HDL when compared with other satu-
rated FA but may have a more favorable effect on the total to
HDL cholesterol ratio. To what extent these findings can be
translated into cardiovascular risk depends, of course, on the
effects of stearic acid on other cardiovascular risk markers. Fi-
nally, it is not clear whether TAG structure or source of fat is of
importance to explain the effects of stearic-acid fats on HDL
cholesterol.
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ABSTRACT: The specific effects of individual fatty acids (FA)
on plasma cholesterol levels, in the range habitually consumed
by humans, is not usually presented by the literature. Con-
clusions have been made regarding the cholesterolemic effect
of individual FA, even though these FA cannot be tested in-
dividually. It appears that FA balance of the diet may be more
important than individual FA intakes. Variation in plasma cho-
lesterol response to diet is influenced by many factors, such as
gene–nutrient interactions. The effect on human health of cur-
rent processes used in the food industry that are certain to
change dietary fat composition and TG structure is yet to be
fully explored. Some of the relevant research regarding dietary
fat and plasma cholesterol levels is reviewed.

Paper no. L9808 in Lipids 40, 1207–1213 (December 2005)

First, research “proved” that total fat and cholesterol in the
diet influenced plasma cholesterol levels. Then it was
“shown” that saturated fats were more important in this role.
Now it is well accepted that individual FA have differing ef-
fects on plasma cholesterol levels. Specific effects, within the
context of the range of intake of humans, are less clear. Much
of the literature in this area reflects the effect of fat types and
amounts in many different animal models that may not be rel-
evant to the human situation. Even when the research is sim-
ply exploring the mechanism underlying an effect, it is not
known whether the same effect occurs in humans, especially
when considering fat intake in the normal range. Data reflect-
ing what FA Americans habitually consume are difficult to
find. According to data for the U.S. population from the Na-
tional Health and Nutrition Examination Survey 1999–2000
(Table 1) (1), the average intake of the three largest contribu-
tors of dietary FA appears to be around 6% of energy for each
of palmitic (16:0) and linoleic (18:2n-6) acid and not more
than 3% of energy for stearic (18:0) acid.

Knowing the range of intake for these FA may be more im-
portant in designing studies relevant to the human dietary sit-
uation. Computer analysis of baseline 7-d food records from
30 free-living subjects indicated ranges of total fat intake
from 18.8 to 54.0%en (percentage of total dietary energy),

saturated FA intake from 6.4 to 15.7%en, and PUFA intake
from 2.4 to 5.7%en (Wilke, M.S., Ryan, E.A., French, M.A.,
Jumpsen, J., Goh, Y.K., and Clandinin, M.T., unpublished
data). These are wide ranges, but not nearly as wide or vari-
able as the animal data from the literature used to test the ef-
fect of various FA on plasma cholesterol levels (2). These
data also show that actual intake can differ considerably from
recommendations for fat intake. Consuming an undesirable
balance of FA may have effects on an individual’s plasma
cholesterol levels, platelet aggregation, and coronary heart
disease risk (3).

Whereas information on specific FA may be scarce, gen-
eral data on total and saturated fat intake are available (4,5).
Some epidemiological studies have collected longer-term
food intake data to examine the relationship between fat in-
take and plasma cholesterol or disease occurrence. For in-
stance, the Nurse’s Health study compared quintiles of dietary
fat intake and coronary heart disease risk. At the lowest quin-
tile, median PUFA intake was 4.1%en, and in the highest
quintile it was 7.4%en. A good indication of average intake
range (for women) can be taken from these data. For the low-
est and highest quintiles of total fat and saturated FA, median
intake was 28.3 and 44.0%en, and 10.1 and 17.6%en, respec-
tively. These results, not surprisingly, show an inverse rela-
tion between polyunsaturated fat intake and coronary heart
disease risk. The data also indicated that saturated fat intake
was not related to risk, although the PUFA/saturated FA ratio
was inversely related (6). Examining the effect of the intake
of one type of fat does not demonstrate the effect of dietary

Copyright © 2005 by AOCS Press 1207 Lipids, Vol. 40, no. 12 (2005)

*To whom correspondence should be addressed at Alberta Institute for
Human Nutrition, 231A General Services Bldg., University of Alberta, Ed-
monton, Alberta, Canada T6G 2H1. E-mail: tclandin@ualberta.ca
Abbreviations: %en, percentage of total dietary energy; 12:0, lauric acid;
14:0, myristic acid; 16:0, palmitic acid; 18:0, stearic acid; 18:2n-6, linoleic
acid; apo, apolipoprotein.

Influence of Dietary Saturated Fatty Acids
on the Regulation of Plasma Cholesterol Concentration 

Michaelann S. Wilke and M. Thomas Clandinin* 
Alberta Institute for Human Nutrition, University of Alberta, Edmonton, Alberta, Canada T6G 2H1

TABLE 1
Estimated FA Intake of Americans (1999–2000)a

16:0 18:0 18:2

Both sexes/all agesb 6.2 2.8 6.0

Men 20–39 yr 6.2 2.8 5.8

40–59 yr 6.0 2.8 5.9

60+ yr 6.0 2.8 6.1

Women 20–39 yr 6.1 2.8 6.2

40–59 yr 6.0 2.8 6.3

60+ yr 6.0 2.7 6.5
aData from the National Health and Nutrition Examination Survey
1999–2000 for U.S. population based on 24-h recall and coded to USDA’s
Survey Nutrient Database (versions 1994–96 and 1998) (1). Values represent
means as percentage of energy, assuming fat intake at 33% of energy.
bExcludes nursing infants and children.

 



fat balance, whereas the polyunsaturated/saturated FA ratio
may provide a better indication of the balance of FA in the
diet consumed.

THE LITERATURE

The conclusions made in the literature indicating that con-
sumption of saturated FA increases plasma cholesterol or
LDL cholesterol levels are difficult to accept when one ex-
amines individual research studies. Frequently, formulation
of such conclusions is complicated further by research that
does not report FA analysis of the diets fed. Some studies re-
port the type of oil used, which does not necessarily demon-
strate the FA composition of the diets. Furthermore, in other
studies the diets to be tested were designed by adding a spe-
cific type of oil or an oil blend to rat chow. This not only in-
creases the fat intake of the animals, substantially reducing
the intake of other essential nutrients, but also results in vari-
able FA composition.

Even when the data include analysis of dietary FA compo-
sition, assessing the effect of one FA is difficult. To test the
effect of one FA, another acid, often linoleic acid (18:2n-6),
must be altered. Changes in diet are made through substitu-
tions; therefore, the levels of fat and cholesterol vary in the
diets fed. A common substitution is saturated fat for polyun-
saturated fat, or the effects of saturated FA at different levels
of polyunsaturated FA may be tested. A study using guinea
pigs tested the effect of fat saturation on LDL metabolism,
but the levels of 18:2n-6 in the diets compared in the study
(15.1% fat by weight) were deficient in the olive oil (“high in
monounsaturated fat;” 7.3% 18:2n-6) and lard (“high in satu-
rated fat;” 10.7% 18:2n-6) diets and very high in the corn oil
diet (“high in polyunsaturated fat;” 48.4% 18:2n-6) (7). Con-
sequently, it was not surprising that the olive oil diet had ef-
fects on many aspects of LDL metabolism that were not dif-
ferent from the lard diet since both had <4%en coming from
18:2n-6. A study in cebus monkeys showed that when con-
sumption of 18:2n-6 is low (3–4%en), an increase in con-
sumption of 14:0 or 16:0 increases total cholesterol levels (8).
In cebus and rhesus monkeys, when 18:2n-6 was low
(3–4%en) in a cholesterol-free/low-14:0 diet, high 16:0 in-
take had no effect on LDL cholesterol. This study demon-
strated no effect on lipoproteins in rhesus monkeys, but ef-
fects were observed in cebus monkeys (9). Further research
in rhesus monkeys showed that reducing fat intake by de-
creasing 16:0 lowered LDL cholesterol more than decreasing
12:0 + 14:0 (10). When testing the effect of saturated FA in
animal diets, enough 18:2n-6 is sometimes fed to “prevent de-
ficiency.” However, the deficient state is rarely seen in adult
humans, particularly in areas of the world where cardiovas-
cular disease prevention is important. Saturated FA need to
be tested at the same levels of fat and at logical levels of other
FA compared with the FA in question. It was shown in both
hamsters and cynomolgus monkeys that when 18:2n-6 intake
was high (10.5%en), substituting 4%en of 18:0 for 16:0 did
not increase total cholesterol or LDL cholesterol or result in

observable lipoprotein changes (11,12). Animal research sug-
gests that stearate (18:0) may be more hypocholesterolemic
than 12:0, 14:0, or 16:0. In rats, for example, the addition of
18:0 to coconut oil decreased total cholesterol by about 15%
in both plasma and liver (13). When compared with other in-
teresterified fats, fat that is high in dietary 18:0 lowers total
cholesterol in hamsters, perhaps due to a difference in fat ab-
sorption (14).

Each study in the literature has to be examined closely to
identify reliable conclusions about the effect of specific FA
on plasma cholesterol levels. Conclusions generalized from
results that are complicated by diet and animal model used
cannot be accepted as relevant without careful consideration.
The animal model needs to be considered in relation to its
unique response to dietary factors. For example, some animal
models such as the hamster are used to reflect what is referred
to as “cholesterol-sensitive individuals” and then results may
be extrapolated to all humans by review articles and the com-
mon rhetoric.

It is important when comparing the effect of one FA to an-
other on plasma cholesterol levels that the other dietary FA
be kept equal. The amount of cholesterol in the diet also needs
to be considered. Many animals only respond to dietary satu-
rated FA when cholesterol is present in the diet. From the lit-
erature, it would appear that at higher cholesterol intakes, sat-
urated FA increase LDL cholesterol (15) (Fig. 1). However,
on further examination of the data, these diets are not compa-
rable on the basis of saturated FA intake alone. For instance,
a high saturated fat diet tested in the hamster (Fig. 1A) con-
sisted of hydrogenated coconut oil and tripalmitin added to
the unsaturated fat (USFA) diet (16). The comparison of satu-
rated fat (SFA) to USFA in humans (Fig. 1B) consisted of
4.5%en 18:2n-6 compared with intakes of 9.5%en 18:2n-6
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FIG. 1. The dependency of FA effects on LDL cholesterol concentration
on the level of dietary cholesterol intake (42). This diagram shows the
absolute concentration of LDL cholesterol achieved in hamsters (A) or
humans (B) fed predominantly saturated FA (SFA) or unsaturated FA
(USFA) under circumstances in which the amount of cholesterol in the
diet was varied. This diagram was originally constructed using data from
two sources (16,17). In the hamster diets, the SFA diet was hydro-
genated coconut oil and tripalmitin added to the USFA diet (16). The
human SFA diets consisted of 4.5%en vs. 9.5%en 18:2n-6 (17).



(17). Clearly, the effect attributed to higher saturated fat and
cholesterol in the diet may be a consequence of lower intake
of 18:2n-6.

It has been proposed that 18:2n-6 has a “threshold effect,”
above which saturated FA may not have an effect on plasma
cholesterol levels. In many animal studies, high vs. low 16:0
or 18:0 is commonly 18:2n-6 deficient vs. 18:2n-6-adequate.
Furthermore, many high saturated fat comparisons often are
low in 18:2n-6 and high in 14:0. Perhaps this is why all satu-
rated FA have been labeled hypercholesterolemic even
though all available evidence indicates that individual satu-
rated FA have quite different effects on plasma cholesterol.

SATURATED FA COMPARISONS
AND THRESHOLD EFFECTS

A threshold effect of 18:2n-6 was proposed by Hayes and
Khosla (8) whereby 16:0 does not affect LDL cholesterol in
normocholesterolemic subjects when dietary 18:2n-6 levels
are above a “threshold” of 6%en. It has also been suggested
that the plasma cholesterol response to 18:2n-6 intake is not
linear (Fig. 2). On closer examination of this response curve,
the cholesterol response appears linear in the range of 18:2n-6
intake that may be applicable to humans.

In a series of well-controlled studies, we examined the ef-
fect of exchanging dietary FA on cholesterol response. The
first of these was a 21-d crossover feeding study involving
healthy male subjects. This study demonstrated that con-
sumption of high amounts of 16:0 (12%en) did not affect
serum total cholesterol and LDL cholesterol if the amount of
18:2n-6 in the diet was also at recommended levels (8–9%en).
Interestingly, in observing individual values (Fig. 3), it can be
concluded that dietary PUFA level may determine whether a
subject can be labeled hypercholesterolemic or normocholes-
terolemic (18). Further, fractional synthesis rates of choles-
terol were unaffected, suggesting no relationship between the

endogenous synthesis of cholesterol and dietary 16:0 content.
In a similar experiment involving hyperlipidemic subjects,
total cholesterol and LDL cholesterol also were unaffected by
high dietary 16:0 at high levels of dietary 18:2n-6 (data not
shown) (19). This was not true for trans FA, where exchang-
ing 16:0 from palm olein for partially hydrogenated fat re-
sulted in higher plasma total cholesterol, LDL cholesterol,
and endogenous synthesis of free cholesterol. Contrary to the
previous studies in which HDL levels were unaffected by the
dietary fat exchanges, exchanging palm olein for hydro-
genated fat also decreased HDL cholesterol levels (20). It is
now generally recognized that individual saturated FA are ei-
ther neutral or increase HDL cholesterol when replacing
mono- or polyunsaturated fats in the diet. In contrast, small
amounts of trans FA (from hydrogenation) increase plasma
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FIG. 2. Plasma cholesterol response to dietary 18:2n-6 is nonlinear in the gerbil. (A) Decreasing 18:2n-6 raises total
cholesterol independent of 14:0 intake [when dietary 14:0 was low and relatively constant, 0.13–1.08%en; y = 136.5
− 43.1*log(x) R2 = 0.861]. (B) Response of plasma cholesterol to dietary 18:2n-6 [when dietary 14:0 + 16:0 was rela-
tively high and constant, 7.8–11.8%en; y = 149.9 − 54.5*log(x) R2 = 0.951]. The range of intake typical for humans
has been highlighted to show what could be interpreted as a more linear relationship (adapted from Ref. 2).

FIG. 3. Individual variation in response to diet. Four diets were formu-
lated to provide combinations of high and low levels of palmitic acid at
high and low levels of linoleic acid. Subjects received each of the diet
treatments for 21 d, followed by washout periods of 21 d in a crossover
design. The data indicated that serum total cholesterol and LDL choles-
terol levels were not significantly affected by the high level of palmitic
acid when diets also contained a high level of linoleic acid (18).



levels of LDL cholesterol and decrease HDL cholesterol re-
gardless of which fat is replaced by it, thereby resulting in a
less desirable lipid profile.

To determine whether a threshold level of 18:2n-6 prevents
high 16:0 intake from being hypercholesterolemic, a subse-
quent experiment examined cholesterol response to high di-
etary 16:0 (10%en) intake in combination with decreasing
levels of 18:2n-6 (Table 2). In this study, healthy subjects fol-
lowed each diet for 21 d in a crossover design. The results
showed that total plasma cholesterol levels increased as the
percentage of energy in the diet from 18:2n-6 decreased. It
was found that there may be a threshold effect of 18:2n-6, be-
cause high 16:0 intake was less hypercholesterolemic if di-
etary 18:2n-6 was greater than 4.5%en (Fig. 4) (21). It can be
concluded that individual saturated FA, and specifically 16:0,
may be conditionally hypercholesterolemic depending on the
dietary intake of 18:2n-6.

VARIATION IN INDIVIDUAL RESPONSES

Response to diet, and specifically the response of plasma cho-
lesterol to dietary fat amount and composition, is variable and
dependent on many factors. Some aspects of animal studies
uniquely contribute to this difficulty in interpretation. First, the
range of species used in the research makes analysis of the in-
formation almost impossible. In investigating plasma choles-
terol response to dietary fat, variation exists not only between
different animal models (i.e., monkeys, guinea pigs, gerbils,
hamsters, rats, rabbits, pigs), but also between species of pri-
mates (i.e., monkeys: cebus, rhesus, cynomolgus, vervet) and
within strains of the same species (i.e., hamsters: F1B or CR
Golden Syrian) (22). Many animal models vary in their re-
sponse to dietary fat amount and type, and the responses may

also differ depending on the presence of or total amount of cho-
lesterol in the diet.

There are several key differences in cholesterol metabo-
lism between animals and humans. In general, cholesterol
synthesis in humans is more tightly controlled, in that synthe-
sis and absorption are able to coordinate to regulate the
amount of cholesterol in body pools. This is why many ani-
mal models respond adversely to any added dietary choles-
terol, whereas in the majority of humans, the effect of dietary
cholesterol on plasma cholesterol level is small (reviewed in
Ref. 23). Lipoprotein structure and function also vary depend-
ing on which animal model is used. As opposed to LDL in hu-
mans, HDL is the main carrier of cholesterol in most animals.
Even guinea pigs, which carry cholesterol in LDL (24), have
differences from humans in their lipoprotein metabolism.

In humans, results can be more variable than in animal
studies, perhaps due in part to the inability to tightly control
environmental influences and genetic differences. Even
though changes in the dietary fat used in animal studies is
generally more extreme, the variation in other dietary influ-
ences in human studies can be much greater due to the avail-
ability of a variety of foods and to other contributors to eat-
ing behavior and choice. Further, analysis of diet by 1-d food
records/recalls does not accurately capture this variation or
provide the basis to statistically identify all relevant factors.
The errors in estimating FA intake by this methodology are
often extremely high (25).

As technology and our knowledge of lipoprotein metabo-
lism increase, our understanding of the “traditional causes”
of individual variation is expanding. Factors known to affect
plasma cholesterol levels include body mass index, age, gen-
der, menopausal status, and baseline LDL cholesterol levels.
In addition to, and perhaps in concert with, these more overt

1210 M.S. WILKE AND M.T. CLANDININ

Lipids, Vol. 40, no. 12 (2005)

TABLE 2
Total Fat, PUFA, Saturated FA, and Monounsaturated FA Intakes as Percentage  of Energy at Varying Levels of Energy
from Dietary Linoleic Acida

Diet no.

1 2 3 4 5 6 7 8

Diet componentb 10 8.5 7.5 6.5 5.5 4.5 3.5 2.5

Energy (kcal) 3104 2984 2964 2906 2954 2956 2888 2964

Total fat (%en) 30.9 30.3 30.1 29.8 29.6 30.1 29.5 29.2

PUFA (%en) 10.5 8.9 8.0 7.0 5.9 4.9 4.0 2.9

18:2b 10.0 8.5 7.5 6.6 5.5 4.5 3.5 2.5

SFA (%en) 12.0 11.9 11.7 11.9 11.9 11.5 12.1 13.0

16:0c 10.1 10.0 10.1 10.1 10.0 9.9 10.0 10.4

18:0 1.1 1.1 1.2 1.2 1.2 1.3 1.3 1.5

MUFA (%en) 7.3 8.0 9.2 9.5 10.1 12.7 12.2 11.7

Cholesterol (mg) 98.0 107.9 101.3 101.4 104.5 104.5 113.0 124.9
aData from Reference 21. 
bHealthy subjects received each diet treatment, designed to consist of varying amounts of linoleic acid [18:2n-6; percentage of total dietary energy (%en)] for
21 d, followed by washout periods of 7 d in a crossover design. 
cPalmitic acid (16:0) was fed at 10%en in conjunction with decreasing levels of 18:2n-6 to determine whether a threshold level of 18:2n-6 prevented 16:0
from being hypercholesterolemic. SFA, saturated FA; MUFA, monounsaturated FA.



phenotypic characteristics are differences in genotype. For
example, having particular genes can make an individual
more susceptible to certain diseases: Specific gene polymor-
phisms are known to make an individual more likely to dis-
play a cholesterolemic response to diet. Aside from inborn er-
rors of metabolism that may cause severe alterations in how
fat and cholesterol are metabolized, there are subtle differ-
ences in genes that are directly or indirectly involved in
lipoprotein metabolism. It is not yet possible to know all of
the genetic variation influencing cholesterol response to diet;
however, advances are being made in this area (reviewed in
Ref. 26), and some gene–nutrient interactions are to be noted.
For example, the apolipoprotein (apo) E genotype, specifi-
cally the ε4 allele, has been implicated in influencing the cho-
lesterolemic response to diet (27). A study examining the ef-
fects of synthetic-source saturated TAG indicated that apoE
phenotype partially explained a strong cholesterolemic re-
sponse to 16:0 in the diet at very low levels of 18:2n-6 (28).
ApoA-I genotype, particularly the G/A polymorphism, may
increase responsiveness of LDL cholesterol to dietary satu-
rated FA changes (29). Genes involved in FA transport may
also contribute. Intestinal FABP2 has two variants (A54 and
T54) that may account for some of the interindividual varia-
tion in response to diet. The T54 variant seems to result in a
greater response of plasma fasting LDL cholesterol and apoB
levels to dietary soluble fiber (30) and in differences in post-
prandial lipemia after intake of fat having varied FA compo-
sition (31).

Adding to the difficulty of assessing cholesterolemic re-
sponse to individual dietary FA is the possible contribution of
TAG structure. The position that is held by a particular FA on
the glycerol molecule may play a role in some of the physio-
logical effects of dietary fat. There is some evidence that TAG
structure has an effect on how FA are absorbed, reassembled
into TAG, transported, stored, and even incorporated into
other lipids (i.e., phospholipids) (reviewed in Ref. 32). There

are many different TAG stereoisomers in dietary fat; however,
some trends exist in the specific positional distribution of in-
dividual FA in native oils and fats. For instance, most of the
16:0 in human milk fat is esterified at the sn-2 position and
18:2n-6 at the sn-1 and -3 positions on the glycerol molecule,
whereas in vegetable oils and other fats 16:0 is primarily in
the sn-1 and -3 positions and the unsaturated FA such as
18:2n-6 are esterified at the sn-2 position. The exception to
this is lard, where 16:0 is also predominantly in the sn-2 posi-
tion. Lard is often interesterifed, ultimately rearranging its
native structure. This is important, as it appears that the stereo-
specific structure of dietary TAG is largely conserved during
absorption. Previous research indicated that the breakdown
products of fat reassembled in enterocytes are mainly as 2-
MAG and unesterified FA from the sn-1 and -3 positions (33).
This may subsequently influence downstream metabolic
processes that are difficult to predict and not fully explained
at this time. How FA, DAG, phospholipids, and cholesterol
esters of different compositions incorporate into and affect
the function of lipid rafts, cell signaling, and membrane trans-
porters is a complicated area that is just beginning to be ex-
plored. In fact, there are still many questions to be answered
regarding the absorption and transport of FA. It is speculated
that cholesterol esterification specificity may be due in part to
the absorption of free cholesterol into the enterocyte followed
by esterification using 2-MAG absorbed from dietary TAG.
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FIG. 4. Mean change in total cholesterol and LDL cholesterol when
consuming a high SFA diet at different 18:2n-6 intakes. The effect of di-
etary intake of high palmitic acid levels (10%en) on plasma cholesterol
levels was assessed in combination with decreasing levels of 18:2n-6 in
healthy subjects. The data indicated that high levels of palmitic acid
were not hypercholesterolemic if intake of linoleic acid was greater than
4.5% of energy (21). (l---) LDL cholesterol, R2 = 0.37 and 0.95; (♦—)
total cholesterol, R2 = 0.63 and 0.91, respectively.

FIG. 5. Major pathways for the acquisition of movement of cholesterol
among major tissue compartments of the body (15). The liver controls
LDL cholesterol metabolism, through either the production or clearance
of lipoproteins. When plasma cholesterol levels are normal, absorption
from the intestine and synthesis in the liver and extrahepatic tissues is
balanced with clearance by mostly receptor-dependent mechanisms. If
there is expansion of cholesterol pools in the body and liver receptors
are down-regulated, plasma LDL cholesterol levels increase. FA influ-
ence LDL cholesterol levels by up-regulating or down-regulating LDL
receptor activity, differences in absorption of FA and cholesterol, or
likely through both owing to changes in lipid constituents in rafts in-
volved in uptake from the brush border membrane of the enterocytes.
CM-C, chylomicron cholesterol; HDL-C, HDL cholesterol; LDL-C, LDL
cholesterol; VLDL-C, VLDL cholesterol; LDL-R, LDL receptor; CE, cho-
lesterol ester; LRP, LDL receptor-related protein; •(, highly influenced by
phospholipids’ FA composition.



Interestingly, a study in formula-fed piglets demonstrated that
feeding a synthesized TAG (with a rearrangement of FA vs. a
palm olein formula) resulted in higher 16:0 and lower long-
chain polyene incorporation into LDL phospholipids and cho-
lesteryl esters (34). Human infants fed synthesized TAG for-
mula vs. human milk also showed preservation of the dietary
TAG structure and subsequent alterations in lipoprotein me-
tabolism, such as lower plasma HDL cholesterol and higher
apoB concentrations (35). Studies in adult humans have simi-
larly shown conservation of sn-2 TAG structure and incorpo-
ration into plasma lipoprotein TAG and cholesterol ester (36).
The effects of specific dietary TAG structure on FA use in the
body and subsequent cholesterolemic response are yet to be
fully elucidated.

SUMMARY AND CONCLUSIONS
FROM THE LITERATURE

As we have previously noted, “On a food composition basis
there is clearly a relationship between the intakes of different
fatty acids; hence, one might argue that each are not indepen-
dent variables in any statistical analysis” (37). It is simply not
possible to test the effect of each FA on plasma cholesterol
levels individually. The literature considers the effect of each
FA separately, even though they must be tested in concert. If
energy from fat is to be kept constant, there is no instance
whereby one FA can be tested without being at the expense
of another. However, more important than the amount of a
particular FA is the overall FA balance. Most countries where
coronary heart disease is prevalent have populations that eat
too much trans fat, sometimes in combination with high satu-
rated fat and/or low linoleic acid and/or n-3 FA. Intake of
highly saturated fat should be reduced in the context of bal-
ance, but how low this needs to be usually remains unad-
dressed. A minimal amount may be necessary for optimal
health. FA exert effects at the cell membrane, which reflect
dietary FA composition and ultimately result in changes in
membrane function (38). It seems obvious that the optimal
function of receptors, binding proteins, transporters, apopro-
teins, and enzymes requires a balanced FA composition in the
phospholipids and/or lipid rafts of the cell, mitochondria, or
lipoprotein surface. These all contribute to the control of body
cholesterol pools and regulation of LDL cholesterol metabo-
lism (Fig. 5). This is also why it is important to test FA at lev-
els within the range typical for human intake.

WHAT IS THE CURRENT ISSUE?

The food industry requires palatable, shelf-stable fats for use
in food manufacturing processes. Given that the shift away
from saturated fat to partially hydrogenated fats for this pur-
pose has proven unfavorable to human health, solutions are
needed. Adding what appears to be noncholesterolemic satu-
rated FA, such as stearic acid, back into food is one possibil-
ity. However, this may seem less desirable to food companies
because stearic acid may not have the physical properties

required. It would also be listed under the saturated fat por-
tion of the label, and this may affect perceptions of the health-
fulness of a product. For this reason, practices such as inter-
esterification are being used to change dietary fat characteris-
tics and FA composition to reflect a more desirable FA profile.
Interesterification involves the randomization of FA on the
glycerol backbone to achieve this goal. For instance, inter-
esterifying a highly unsaturated oil with an oil containing
high amounts of saturated FA allows the resulting mixture to
have more of the desired properties. This can be achieved
through chemical or enzymatic means; however, the proper-
ties and FA composition depend on the combination of
oils/fats used in the process and the procedure used. Although
it results in lower trans FA formation than partial hydrogena-
tion (39), there may be additional effects in which the health
consequences cannot be predicted at this time. Thus far, lim-
ited human research on the effects of interesterified oils on
blood lipids has not shown adverse effects (reviewed in Ref.
40). Therefore, it would appear that interesterification aids in
achieving the goals of both desirable fat characteristics and
FA composition. It would also appear to have a different ef-
fect on the positional structure of blood lipids from that of
trans or saturated fats. However, it should be noted that not
all interesterified fats are the same and therefore should not
be categorized as such. Rearrangement of TAG has the poten-
tial to produce over a thousand stereoisomers, most of which
are not normally found in human food. The time intervals be-
tween the introduction of new components/processing proce-
dures for use in food, the research that indicates the possible
health effects from its consumption, and the establishment of
regulations to protect the public can be lengthy. For instance,
the first major study in humans to show definitively that trans
FA were detrimental to plasma cholesterol profiles was in
1990 (41). It has taken 15 years for the regulatory climate in
North America to take this issue seriously. How long will it
take for researchers to discover the health effects of new syn-
thetic TAG? One can hope that new technology and knowl-
edge gained from past experience in saturated and trans FA
research will expedite answers to this question.
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ABSTRACT: Hemostatic factors associated with the develop-
ment of cardiovascular disease (CVD) include fibrinogen, von
Willebrand factor, tissue plasminogen activator (tPA) antigen,
plasminogen activator inhibitor-1 (PAI-1), and factor VII. Each SD
increment of these increases the association by 24–30%. Most
hemostatic factors are intercorrelated with inflammatory markers
[e.g., C-reactive protein (CRP)] and LDL cholesterol. Fibrinogen
seems the most fundamental hemostatic risk factor for CVD. The
Framingham Study reaffirms the significant linear risk factor
trends across fibrinogen tertiles (P < 0.001) for age, body mass
index, smoking, diabetes mellitus, total cholesterol, HDL choles-
terol, and TG in both sexes. Fibrinogen may also directly increase
CVD risk because of its role in platelet aggregation, plasma vis-
cosity, and fibrin formation. Fibrinogen is also an acute-phase re-
actant that is elevated in inflammatory states. Fibrinogen medi-
ates the thrombogenic effect of other risk factors. Fibrinogen lev-
els increase with the number of cigarettes smoked and quickly
fall after smoking cessation. This rapid fibrinogen decline may be
a mechanism for CVD risk reduction after smoking cessation.
Weight loss is accompanied by reduced fibrinogen. The correla-
tion between fibrinogen and LDL cholesterol suggests that lipid-
imposed CVD risk is mediated partly through fibrinogen. Hyper-
reactive platelets of diabetics may result in part from their in-
creased fibrinogen. Elevated fibrinogen and CRP of unstable
angina suggest an acute-phase reaction. Prevalence, case-con-
trol, angiographic, and echocardiogram investigations incrimi-
nate hemostatic and inflammatory markers as strong independent
risk factors for initial and recurrent CVD. Framingham Study data
indicate that each SD increase in fibrinogen imposes a 20% in-
dependent increment in risk. It may be concluded that fibrinogen
and CRP determination may be useful screening tools to identify
individuals at added risk for thrombotic complications of CVD.

Paper no. L9745 in Lipids 40, 1215–1220 (December 2005).

This review of hemostatic factors is promoted by the great in-
terest in probing beyond established cardiovascular disease
(CVD) risk factors to gain further insights into the atherogenic
process and its clinical manifestations. Thrombogenic risk fac-
tors and markers of inflammation are under intense investiga-

tion for the prediction of initial and recurrent atherosclerotic
CVD events. Vascular disease is caused by many factors acting
in concert. Several processes promote atherogenesis, which
eventuates in clinical events by conditions that produce arterial
vascular occlusions (1).  Research indicates that lipids and
blood pressure remain as the critical ingredients that promote
the long-term development of atherosclerosis, that cigarette
smoking acts additionally as a precipitating factor, and that di-
abetes effects include several atherogenic pathophysiological
mechanisms. Each of these factors is used to estimate coronary
heart disease (CHD) risk.

New risk factors under investigation may provide clues to
pathogenesis and sometimes improve our ability to predict
CVD. The utility of novel risk factors for predicting initial
CVD events should be assessed in terms of the incremental risk
they impose after consideration of the core set of risk factors,
which include age, sex, blood pressure, total cholesterol or
LDL cholesterol (LDL-C), HDL cholesterol (HDL-C), smok-
ing, and type 2 diabetes mellitus. This criterion is often not met
in new investigations because relatively large data sets and ex-
tended follow-up are required to ensure that novel factors such
as thrombogenic and inflammatory markers improve multivari-
able assessment of vascular disease risk (2). 

HEMOSTATIC FACTORS

A number of hemostatic and inflammatory factors are impor-
tant promoters of occlusive atherogenic disease (2). Inflamma-
tory markers such as the leukocyte count, serum amyloid A,
and C-reactive protein (CRP) are the chief markers that were
investigated in the population setting in relation to initial vas-
cular outcomes (2). A high-normal leukocyte count is associ-
ated with increased CVD risk. Unfortunately, leukocyte counts
need to be determined on fresh specimens, and current ciga-
rette smoking can increase leukocyte counts, limiting the util-
ity of the test. Also, like the CRP with which it is highly corre-
lated, it is not specific for vascular disease (3). Meta-analysis
by Danesh et al. (4) of seven studies estimates a 1.4-fold ex-
cess CHD risk for an elevated leukocyte count (compared with
the bottom third of the distribution). Numerous studies have
found an association between CRP and development of CVD
(Fig. 1). Prospective studies of asymptomatic persons compar-
ing people with low-tertile CRP with those having top tertile
values suggest a risk factor-adjusted odds ratio of 1.8 [95%
confidence interval (CI) 1.6–2.0] for CHD among healthy
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persons or those with prior CHD (4). Because of their signifi-
cant independent effect, inflammatory biomarkers merit con-
sideration for incorporation into CHD risk estimation algo-
rithms (Table 1). However, inflammatory and hematologic
markers are not currently included among the set of factors
used to estimate multivariable CVD risk in the population set-
ting (2).

HEMOSTATIC RELATION TO OTHER CVD
RISK FACTORS

Hemostatic variables are related to established CVD risk factors.
The association of hemostatic variables with CVD risk factors
and prevalent CVD was investigated in the prospective cohort
PRIME Study of myocardial infarction in men aged 50–59 yr
(5). Fibrinogen was found to increase with age, smoking,
waist/hip ratio, and LDL-C level. It decreased in relation to edu-
cational level, physical activity, alcohol intake, and HDL-C level.

Factor VII increased with body mass index (BMI), waist/hip
ratio, and TG, HDL-C, and LDL-C levels. Plasminogen activa-
tor inhibitor-1 (PAI-1) increased with BMI, waist/hip ratio, TG
level, alcohol intake, and cigarette smoking and decreased with
physical activity. Standard CVD risk factors were estimated to
explain 8% of the variance in fibrinogen, 9% of the variance in
factor VII, and 26% of the variance in PAI-1. The statistically
significant (P < .001) CVD odds ratio for one SD in fibrinogen
was 1.31 (CI 1.20–1.42) and for PAI-1 1.38 (CI 1.27–1.49)
(Table 2).

Recent investigation of fibrinogen by the Framingham
Study also demonstrates its interrelationship with numerous
cardiovascular risk factors (6). With the immunoprecipitation
method, there were significant linear trends across fibrinogen
tertiles (P < 0.001) for age, BMI, smoking, diabetes mellitus,
total cholesterol, HDL-C, and TG in men and women (Table 3).
Also, fibrinogen levels were higher among subjects with CVD
compared with those without disease. The unadjusted mean fib-
rinogen concentration for men was 354 ± 5.46 among those
with CVD and 319 ± 2.32 mg/dL for those without disease (P
< 0.001). The unadjusted mean fibrinogen concentrations for
women were also higher among those with CVD (370 ± 9.04
vs. 316 ± 2.23 mg/dL, P < 0.001). In both men and women,

1216 W.B. KANNEL

Lipids, Vol. 40, no. 12 (2005)

FIG. 1. C-Reactive protein and coronary heart disease (CHD), relative
risk (top vs. bottom tertile). Prospective: persons without cardiovascular
disease (CVD) at baseline. CI, confidence interval. Adapted with per-
mission from Reference 4.

TABLE 1
Meta-analysis of Long-Term Prospective Studies of Inflammatory
Markers as Predictors of Coronary Heart Disease (CHD) in Healthy
or Prior CHD Subjectsa

Inflammatory marker Risk factor adj. risk ratiob

Fibrinogen (18 studies) 1.8 (1.6–2.0)
C-Reactive protein (7 studies) 1.7 (1.4–2.1)
Leukocyte count (7 studies) 1.4 (1.3–1.5)
Albumin (decreased, 8 studies) 1.5 (1.3–1.7)
aFrom Reference 4.
bValues within parentheses are confidence intervals.

TABLE 2
Association of Hemostatic Factors, Cardiovascular Disease (CVD) Risk Factors (RF),
and CVD: The PRIME Studya

Hemostatic factor Variance explained RF increase RF decrease

Fibrinogen 8% LDL-C HDL-C
Odds for CVD per 
SD increase: 1.31 W/H ratio Physical activity

SD Age Education
Smoking Alcohol

Factor VII 9% BMI
TG
W/H ratio
HDL-C
LDL-C

PAI-1 26% BMI Physical activity
Odds for CVD per W/H ratio
SD increase: 1.38 Diabetes

Alcohol
TG
Smoking

aFrom Reference 5. HDL-C, HDL cholesterol; W/H ratio, waist to hip ratio; BMI, body mass index;
LDL-C, LDL cholesterol; PAI-1, plasminogen activator inhibitor-1.



after adjustment for age, BMI, smoking, diabetes mellitus, total
cholesterol, and TG, fibrinogen remained significantly higher
in cases: 333 ± 5.16 vs. 322 ± 2.00 mg/dL in men, and 336 ±
7.25 vs. 319 ± 1.89 mg/dL in women) (P = 0.035 and P =
0.018) for men and women, respectively.

FIBRINOGEN AND CVD

Starting in the 1970s, elevated fibrinogen levels were shown to
be a major independent risk factor for various heart disease and
stroke outcomes in several population studies (Fig. 2) (7,8).
CVD, CHD, and all-cause mortality were all increased in pa-

tients of both sexes who had higher fibrinogen concentrations,
and this excess mortality persisted after adjusting for the stan-
dard risk factors. Higher fibrinogen levels enhanced the CHD
risk of patients with hypertension, cigarette smokers, and peo-
ple with diabetes. In an early meta-analysis of 18 studies,
Danesh and colleagues (4) compared the top third of the distri-
bution with the bottom third and found higher fibrinogen to be
related to a relative risk of 1.8 (95% CI 1.6–2.0) for CHD.

Plasma fibrinogen is a consistent risk factor for coronary
disease in prospective studies, but there are fewer data on its
relationship to development of stroke and peripheral artery dis-
ease. The Framingham Study found that fibrinogen is related
to subsequent occurrence of stroke and peripheral artery dis-
ease as well as coronary disease (9) (Fig. 3). Each SD incre-
ment in fibrinogen was associated with an increased risk of
CHD and peripheral artery disease of 20% in men and 30% in
women, whereas in stroke the increase noted was 10% in each
sex (Table 4). A prospective relationship to stroke [relative risk
(RR) 1.52] was also found in the Edinburgh Artery Study in
multivariate analysis adjusting for cigarette smoking, LDL-C,
systolic blood pressure, and ischemic heart disease (10). This
investigation also found that tissue plasminogen activator (tPA)
antigen and fibrin D-dimer were independently related to risk
of stroke (RR 1.69 and 1.96, respectively).

Because fibrinogen is established as an independent risk
factor for cardiovascular events and is also associated with
traditional cardiovascular risk factors, it seems likely that ele-
vation of fibrinogen may be a pathway by which these risk
factors exert their effect. Fibrinogen strongly affects blood
rheology, coagulation, and platelet aggregation, suggesting
that it may be on the causal pathway for certain risk factors to
promote thrombosis. It is also an acute-phase reactant that is
increased in inflammatory states and has direct effects on the
vessel wall (11).
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FIG. 2. Fibrinogen and CHD meta-analysis (top vs. bottom third). For
abbreviations see Figure 1. Adapted with permission from Reference 4.

TABLE 3
Association of Fibrinogen with Traditional CVD Risk Factorsa

Fibrinogen tertiles

Low (n = 418) Mid (n = 418) High (n = 420)

Men
Age 52.3 (±0.50) 56.7 (±0.49) 58.6 (±0.46)
BMI 27.2 (±0.18) 28.6 (±0.22) 29.0 (±0.22)
Smoking 13.4% 18.2% 24.8%
Diabetes mellitus 3.1% 9.3% 14.0%
Total cholesterol 193.7 (±1.60) 201.9 (±1.55) 204.5 (±1.70)
HDL-C 46.5 (±0.56) 43.8 (±0.56) 38.3 (±0.48)
TG 116.3 (±3.53) 152.6 (±3.96) 213.2 (±7.10)

Low (n = 459) Mid (n = 459) High (n = 458)

Women
Age 51.4 (±0.45) 55.6 (±0.46) 58.3 (±0.43)
BMI 24.5 (±0.19) 26.5 (±0.22) 29.5 (±0.30)
Smoking 13.1% 20.9% 22.9%
Diabetes mellitus 0.9% 3.3% 9.6%
Total cholesterol 198.4 (±1.65) 207.7 (±1.75) 220.0 (±1.79)
HDL-C 61.4 (±0.68) 56.2 (±0.70) 50.3 (±0.72)
TG 101.0 (±2.35) 130.0 (±2.96) 188.2 (±7.61)

aValues are mean (±SE) for continuous parameters. For every risk factor, a linear trend across fibrinogen
tertiles is significant (P < 0.001). BMI, body mass index; for other abbreviations see Tables 2 and 3.



The association of fibrinogen with traditional CVD risk fac-
tors and its independent contribution to CVD incidence sug-
gest that it may play a mechanistic role by which the risk fac-
tors exert their effect (Table 5). For example, the increased risk
of CVD and stroke associated with smoking may be mediated
in part through fibrinogen (12). Fogari et al. (13) found that fib-
rinogen levels increased with the number of cigarettes smoked.
Fibrinogen levels also quickly fall after smoking cessation,
suggesting that this rapid fall in level may be a mechanism for
the reduction in cardiovascular risk after smoking cessation.

Elevation in fibrinogen level may also be a mechanism by
which obesity increases the risk of CVD. A reduction in BMI
after a low-calorie diet for 6 mon is accompanied by a fall in
fibrinogen level (14).

The strong relationship between fibrinogen and LDL-C
level suggests that the increased risk of CVD associated with
elevated LDL levels may be mediated in part through fibrino-
gen. Fibrinogen influences the risk of CHD at any level of
LDL-C. The Prospective Cardiovascular Munster (PROCAM)
study found that individuals who had LDL and fibrinogen lev-
els in the highest tertile had a 6.1-fold increase in coronary risk

compared with those in the lowest tertile (15). The event rate
was significantly lower when fibrinogen levels were in the low-
est tertile even though LDL remained in the highest tertile. Ev-
idently, elevated LDL-C imposes an ominous CHD risk when
accompanied by a high fibrinogen level (Fig. 4).

Like fibrinogen, statins that reduce both LDL-C and CRP
appear to have a variable influence on CHD outcomes depend-
ing on the CRP level. Patients with a low CRP after statin ther-
apy experience better clinical outcomes of myocardial infarc-
tion or CHD mortality than those with higher CRP, regardless
of resultant LDL-C on treatment (17).

Thompson and colleagues (18) found fibrinogen to be a
strong predictor of coronary events in patients with angina pec-
toris. In those subjects with high total cholesterol, a high fibrino-
gen level conferred added risk compared with those with low fib-
rinogen. Patients in the highest fibrinogen quintile had 3 times
the risk of a coronary event as those in the lowest quintile.

Subjects with diabetes mellitus have been found to have
hyperreactive platelets. This platelet hyperreactivity may re-
sult in part from increased fibrinogen levels associated with
diabetes because fibrinogen acts as a cross bridge between
platelets. Poor diabetic control also has been particularly as-
sociated with higher levels of fibrinogen and other hemosta-
tic variables (19).

The optimal fibrinogen assay for risk stratification is uncer-
tain. In the Framingham Study the immunoprecipitation test
showed a stronger association with CVD than the Clauss
method, suggesting that it may be a preferred screening tool to
identify individuals at increased thrombotic risk of CVD (6).

INFLAMMATORY MARKER–LIPID INTERACTION

The impact of LDL-C on the risk of CVD is augmented by the
presence of an inflammatory marker such as CRP. In a popula-
tion sample of postmenopausal women who had no heart dis-
ease at baseline, occurrence of myocardial infarction, cardiac
death, and restenosis after percutaneous coronary intervention
was augmented by an increase in CRP at all levels of LDL-C
(20). The combination of elevations of both has more ominous
implications than elevation of either alone (Fig. 5). This resem-
bles the impact of a combination of elevated LDL-C accompa-
nied by increased fibrinogen, which is also an acute-phase re-
actant as well as a thrombogenic risk factor.
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FIG. 3. Risk of CVD events by fibrinogen levels (Framingham study).
T-3, third tertile; T-1, first tertile; PAD, peripheral artery disease; for
other abbreviations see Figure 1.

TABLE 4
Risk of Cardiovascular Events by Increment of Fibrinogen in the 18-yr Follow-up to the
Framingham Studya

CVD 18-yr rate per 1000 Increment per SD increase

event Men Women Men (%) Women (%)

CHD 430 296 20** 30***
Stroke 187 224 10 10
PAD 113 68 20 30*
All CVD 611 514 20*** 20**
aFrom Reference 9. *P < 0.05, ** P < 0.01, ***P < 0.001. PAD, peripheral artery disease; for other
abbreviations see Tables 1 and 2.



FIBRINOLYTIC FACTORS

Fibrinolytic factors have also been linked to initial and recur-
rent CHD, but less information is available (21,22). Neverthe-
less, strong evidence from some large observational epidemio-
logical studies has linked hemostatic variables to future risk of
myocardial infarction and stroke. A variety of markers of a pro-
coagulatory tendency have been identified that appear to be as-
sociated with development of atherothrombotic events in most
vascular beds. These include elevated fibrinogen, factor VII,
factor VIII, and von Willebrand factor; platelet hyperaggrega-
tion; and increased plasma D-dimer. Decreased fibrinolytic ca-
pacity characterized by increased PAI-1 activity and decreased
tPA has also been prospectively incriminated (21).

HOMOCYSTEINE AND FIBRINOLYTIC POTENTIAL

Elevated homocysteine consistently has been found to be asso-
ciated with increased risk of CVD, but the mechanism respon-
sible is not clear. Since thrombosis plays an important role in
the development of atherosclerotic plaques and in precipitating
acute coronary events, the Framingham Study tested the hy-
pothesis that elevated homocysteine increases CVD risk by
raising the potential for thrombus development (23). Hemosta-
tic means of 3,216 Framingham Offspring Study participants
were measured and examined in relation to homocysteine lev-
els. A higher level of homocysteine was found to be associated
with increases in PAI-1, tPA antigen, von Willebrand factor,
and level of fibrinogen. Significant associations between ho-
mocysteine and PAI-1 and tPA antigen persisted after adjust-
ment for covariates, leading to the suggestion that increased

homocysteine is associated with an impaired fibrinolytic po-
tential. This offers the possibility that folic acid or other thera-
pies that lower homocysteine may decrease excess risk by re-
ducing the thrombotic tendency, but this hypothesis remains
unproven.

SUMMARY

Atherosclerotic cardiovascular events are commonly mani-
fested via a thrombotic event. The process of clotting involves
coagulation, limited and controlled by anticoagulation, and the
counterbalancing process of fibrinolysis, limited by antifibri-
nolysis.

Thrombosis clearly precipitates the acute clinical manifes-
tations of coronary, cerebrovascular, and peripheral artery dis-
ease. The role of hemostatic factors in the development of the
underlying atherosclerotic lesions has been difficult to prove
(24). It is possible that the association between hemostatic fac-
tors and CVD may be due to confounding by other risk factors
or may result from the disease rather than causing it. It may
also act as part of a causal pathway that requires interaction
with other CV risk factors or already existing atherosclerotic
disease. Furthermore, there are issues about measurement of
hemostatic factors that still need to be resolved.

Nevertheless, studies have strongly incriminated a number
of coagulation factors such as fibrinogen, factor VII, factor
VIII, and platelet aggregability in the thrombotic complications
of CVD. Fibrinolytic factors also have been implicated, includ-
ing tPA activator, PAI-1, lipoprotein(a), and plasminogen or
global fibrinolytic activity. Of these, only fibrinogen is sup-
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TABLE 5
Fibrinogen: Mechanism for the Influence of CVD Risk Factorsa

• Fibrinogen increases with number of cigarettes smoked and quickly falls on quitting. May be a mechanism for rapid CVD risk reduction after
smoking cessation (13).

• Dietary reduction of BMI is accompanied by a fall in fibrinogen (14). 
• LDL-C is strongly related to fibrinogen and fibrinogen influences CHD risk at any level of LDL-C (15).
• Platelet hyperreactivity is associated with elevated fibrinogen in diabetics. Poor diabetic control is associated with higher levels of fibrinogen

and other hemostatic variables.
• Low reported physical activity and low aerobic power are associated with high plasma fibrinogen concentration in newly diagnosed type 2

diabetes (16).
aFor abbreviations see Tables 1–3.

FIG. 4. Risk of CHD by fibrinogen and LDL-C (15). LDL-C, LDL choles-
terol; for other abbreviation see Figure 1.

FIG. 5. Relative risk of CVD events by hs-CRP and LDL-C (20). Hs-CRP,
high-sensitivity C-reactive protein. For other abbreviations see Figure 1
and 4.



ported not only by strong but also by consistent evidence of a
causal connection to CVD.
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ABSTRACT: It has been suggested that fats rich in stearic acid
may result in exaggerated postprandial lipemia and have adverse
effects on hemostatic function. The effects of test meals contain-
ing different saturated and monounsaturated FA were compared
in healthy subjects in a series of studies to investigate this hypoth-
esis. Stearic acid, when present as cocoa butter,  resulted in simi-
lar postprandial lipemia and factor VII activation compared with
a meal containing high-oleic sunflower oil. Stearic acid when
presented as shea butter or as randomized stearate-rich TAG re-
sulted in decreased postprandial lipemia and decreased postpran-
dial activation of factor VII. Stearic acid-rich test meals did not
result in impaired fibrinolytic activity compared with either a low-
fat meal or a meal high in oleate. The difference in responses be-
tween the different stearic acid-rich fats appears to be due to vary-
ing solid fat contents of the fats at 37°C.

Paper no. L9830 in Lipids 40, 1221–1227 (December 2005).

Stearic acid (18:0) appears to have effects similar to oleic acid
(18:1n-9) on fasting plasma lipoprotein concentrations (1) and
therefore may not have an adverse effect on the risk of cardio-
vascular disease. However, little consideration has been given
to its acute postprandial effects. More than 25 years ago, Zil-
versmit (2) observed that impaired clearance of chylomicron
remnants was associated with an increased risk of atherothrom-
botic disease. An intake in excess of 15 g of TAG containing
long-chain FA (≥C14) results in postprandial lipemia. The ex-
tent of postprandial lipemia strongly depends on the fat content
of individual meals but is also influenced by age, gender, and
physical activity. Exaggerated postprandial lipemia is associ-
ated with accelerated atherosclerosis, and chylomicron rem-
nants can result in foam cell formation and be atherogenic.
Postprandial lipemia may also increase the risk of coronary
thrombosis by increasing factor VII coagulant activity (FVIIc)
and plasminogen activator inhibitor type-I (PAI-1) activity and
impairing endothelial function. The mechanisms by which
postprandial lipemia may affect the risk of atherothrombotic
disease have been reviewed elsewhere (3).

Phan et al. (4) proposed, on the basis of animal studies, that
chylomicrons enriched in stearic acid may persist longer in the
circulation. Studies conducted in animals also found that injec-

tion of stearic acid induced thrombosis, and this has led to the
view that stearic acid is thrombogenic (5). Few systematic stud-
ies have been conducted on the influence of stearic acid on
postprandial lipemia and thombogenesis.

The Northwick Park Heart Study first reported an associa-
tion between elevated FVIIc and increased risk of fatal is-
chemic heart disease (6). Subsequent studies showed FVIIc to
be positively associated with serum cholesterol and TAG con-
centrations. A relationship between total fat intake and FVIIc
was reported, and a reduction in fat intake resulted in a marked
decline in FVIIc. An association was found between the pro-
portion of stearic acid in plasma FFA and FVIIc (7,8). Stearic
acid and the trans FA elaidic acid (18:1 trans), but not oleic
acid (9), were found to increase FVIIc activation in vitro, and
stearic acid has been postulated to activate factor XII, and
hence FVIIc, by forming a negatively charged contact surface
on TAG-rich lipoproteins.

FVIIc is a functional assay of factor VII (FVII) activity that
depends on the concentration of the zymogen (FVIIag) and the
concentration of FVII circulating in the activated form (FVIIa).
FVIIa increases 3–4 h following a high-fat meal and remains
elevated for several hours without any change in FVIIag. Our
research over the past 10 years was specifically designed to test
the hypothesis that saturated FA, particularly stearic acid and
trans FA, have adverse effects on postprandial lipemia and he-
mostatic function (10–17).

EXPERIMENTAL PROCEDURES

Human subjects were recruited from among the staff and stu-
dent population of King’s College London. The subjects were
healthy, and exclusion criteria included a history of cardiovas-
cular disease, diabetes, a body mass index of <20 or >35 kg/m2,
plasma cholesterol of >7.8 mmol/L (302 mg/dL), plasma TAG
of >3 mmol/L (267 mg/dL), current use of antihypertensive or
lipid-lowering medication, and a self-reported intake of alco-
hol of greater than 28 units/wk (1 unit = 10 mL ethanol). Fast-
ing plasma lipoprotein lipid concentrations, body weight, blood
pressure, blood cell count, and liver function were confirmed
to be within the prescribed limits prior to subjects’ entry into
the study. All studies involved a crossover design, and subjects
were randomized to the different treatment sequences using an
orthogonal Latin-square design with at least 1 wk between
treatments.

Subjects were asked to avoid foods high in fat the day pre-
ceding each test meal and to fast overnight from 2200h. Fasting
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venous blood samples were obtained between 0800 and 1000 h
the following morning. The test meal was consumed within 15
min, and further venous blood samples were taken at varying
hourly intervals postprandially, usually for up to 6 h. Following
the 3-h blood sample, subjects received a standardized lunch (1.7
MJ) consisting of fresh fruit and a low-fat yogurt (less than 1 g
of fat). To control physical activity levels, subjects were asked to
refrain from alcohol or strenuous exercise, including cycling and
any sporting activity, on the day prior to the test meal and on the
day of the test meal. Smokers were not excluded from the stud-
ies. The subjects received a modest financial reimbursement for
their participation in the study. The study protocol was reviewed
and approved by the College Research Ethics Committee, and
all participants gave written informed consent.

Test meals. In our earliest studies we compared test meals
providing 90 g of fat in which we varied approximately 40%
of the fat intake with different saturated and monounsaturated
FA. In later studies the test meals provided a lower amount of
fat (50 g) and were provided as a muffin and a milkshake. In
the first study reported here (13), we compared fats enriched in
medium-chain TAG (MCT), palmitic, stearic, elaidic (18:1
trans), and oleic (18:1n-9) acids, with an isoenergetic low-fat
diet in 16 young healthy male and female subjects. In a subse-
quent study (14), we compared a high-oleate meal in which the
fat was derived from high-oleate sunflower oil with meals en-
riched in stearic acid-rich fats (cocoa butter and a structured
stearic-rich TAG; SALATRIM™ type 23SO, Cultor Foods,
Ardsley, NY) in 35 middle-aged and mildly hypercholes-
terolemic subjects (18 women and 17 men, aged 40–60 yr). We
then compared native (unrandomized) cocoa butter vs. ran-
domly interesterified (randomized) cocoa butter in 17 healthy
men aged 38 ± 10 yr (15). As a follow-up to this study, a com-
parison was made in 6 male subjects between unrandomized
cocoa butter and a randomized stearic acid-rich TAG made
from a blend of totally hydrogenated and unhydrogenated high-
oleic sunflower oil (18). More recently, we compared native
(unrandomized) with randomly interesterified (randomized)
shea butter in 16 men and unrandomized shea butter with high-
oleic sunflower oil in 13 of these men.

Collection and handling of blood samples. In the first three
studies, venous blood samples were collected using the vacu-
tainer technique with the minimal compression necessary to
display the vein. In the later studies, venous blood samples
were collected using an indwelling venous cannula. Blood for
lipid analysis was collected in tubes containing dipotassium
EDTA, and plasma was separated by centrifugation at 4°C for
15 min at 1500 × g. Chylomicrons were separated by ultracen-
trifugation from the 3-h blood sample, and plasma lipoprotein
concentrations were determined from unfrozen plasma kept at
4°C, within 48 h of blood collection. For determination of
plasma FVIIc, FVIIa, FVIIag, PAI-1, and D-dimer, 4.5 mL of
blood was collected into 0.5 mL of 38 g/L trisodium citrate so-
lution at room temperature and centrifuged at 1500 × g for 15
min at 20°C. A 4.5-mL blood sample for the tissue plasmino-
gen activator (tPA) assay was collected into precooled tubes
containing 0.5 mL of 0.5 mol/L citrate buffer, pH 4.0, which

resulted in a final pH of 5.5. Plasma was separated by centrifu-
gation at 1500 × g for 15 min at 4°C. All plasma samples were
snap frozen in liquid nitrogen and stored at −70°C until ana-
lyzed. Blood samples were processed within 1 h of blood col-
lection.

Analytical methods. Plasma TAG concentrations were de-
termined by enzymatic assay. Lipids were extracted from the
chylomicrons with chloroform/methanol (1:1 vol/vol), and the
TAG fraction was isolated by TLC on silica gel G plates devel-
oped in hexane/diethyl ether/glacial acetic acid (80:20:2 by
vol). The composition of the FA in the sn-2 position of the test
fats and the chylomicron TAG fraction was determined by spe-
cific enzymatic hydrolysis followed by separation of the 2-
MAG by TLC and analysis of their FA by GLC as methyl es-
ters.

NMR analysis of the test fats was undertaken using a QP20+
pulsed NMR instrument (Oxford Instruments Ltd., Oxford-
shire, United Kingdom). Samples were measured in duplicate
at five temperatures (32, 37, 42, 47, and 52°C). A standard pre-
conditioning procedure for fats showing the polymorphism was
followed on all samples. The samples were melted at 80°C and
held at 60°C for 5 min, followed by storage in a water bath at
26°C for 40 h. Prior to analysis, the samples were equilibrated
for 90 min at 0°C and then at the measurement temperatures
for 60 min. Plasma FVIIc was measured by a one-stage semi-
automated bioassay using rabbit-brain thromboplastin (Diagen,
Thame, Oxon, United Kingdom) and a FVII-deficient substrate
plasma prepared as described elsewhere (19). Plasma FVIIa
was measured according to the bioassay method described by
Morrissey et al. (20). Plasma FVIIag was determined using an
ELISA (Novo Nordisk, Copenhagen, Denmark). Plasma D-
dimer concentration was measured by ELISA (Chromogenix
AB, Mölndal, Sweden), and tPA and PAI-1 activities were de-
termined by chromogenic assay (Chromogenix AB).

Statistical analyses. Statistical analyses of the data were car-
ried out using two-factor repeated-measures ANOVA models.
Where there were significant changes with time, postprandial
values were compared with fasting values. The values follow-
ing the different meals were compared using the deviations
from fasting values to allow for any baseline differences, and
diet × time interactions were included in these models. Data for
plasma TAG was log-transformed prior to statistical analysis.
Where the F values were significant (P < 0.05), the statistical
significance of specific contrasts was tested. All pairwise test-
ing was adjusted for multiple comparisons using a Bonferroni
correction factor.

RESULTS

Table 1 shows the nutrient composition of the test meals used
in the first study, and Figure 1 shows the effects of the different
test meals on the postprandial changes in plasma TAG concen-
trations. The response to the meal was monophasic, and the
maximal increase in plasma TAG concentrations at 3 h was sig-
nificantly greater after the oleate, elaidate, and palmitate than
after the stearate (P < 0.001, P < 0.01, P < 0.01, respectively),
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MCT (P < 0.001, P < 0.01, P < 0.01, respectively), and low-fat
(all P < 0.001) meals. To compare the lipemic response, the in-
tegrated area under the curve (iAUC) was calculated. The
iAUC was significantly lower after the MCT meal compared
with the oleate, elaidate, and palmitate meals (P < 0.001, P <
0.001, P < 0.01, respectively) and was significantly lower after
the stearate meal than after the oleate and elaidate meals (P <
0.001, P < 0.05, respectively).

Table 2 shows the FA composition of the different test fats
used to compare two stearic acid-rich fats (SALATRIM and
cocoa butter) and a high-oleic sunflower oil (oleate). The high
stearic acid meals provided between 11 and 16 g stearic acid.
Figure 2 shows the changes in serum TAG concentrations at 3
and 6 h following the test meals. The postprandial increased in
serum TAG was markedly lower following the randomized
stearic acid-rich TAG (SALATRIM) but was similar between
the meals rich in cocoa butter and high-oleic sunflower oil. Be-
cause part of the effect of SALATRIM could be mediated by
its high content of very short chain FA, we decided to compare
the effects of meals providing randomized or unrandomized
cocoa butter (Fig. 3). Postprandial lipemia was significantly
lower following the randomized cocoa butter. We then decided
to confirm our initial observation that the randomized stearic
acid-rich TAG, as used in the first study (13), resulted in de-
creased postprandial lipemia by comparing a test meal contain-
ing 50 g of this fat with 50 g of unrandomized cocoa butter
(Fig. 4). As predicted, the randomized stearic acid-rich TAG
resulted in a decreased postprandial rise in plasma TAG. Fi-
nally, we compared 50 g of randomized shea butter with 50 g
of unrandomized shea butter and found that both forms of shea
butter led to only a modest increase in postprandial lipids (data
not shown). We confirmed that unrandomized shea butter re-
sulted in decreased lipemia by comparing a test meal contain-
ing 50 g unrandomized shea butter with a test meal consisting
of 50 g high-oleic sunflower oil (Fig. 5). We found that the FA
in the sn-2 position of the dietary TAG was conserved in the
same position on absorption (Fig. 6). Although, we initially

believed that the differences between the responses to the fats
were due to the different proportions of symmetrical and asym-
metical TAG, this did not hold true for shea butter. On investi-
gation of the physical properties of the test fats, the extent of
postprandial lipemia induced by the different stearic acid-rich
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TABLE 1
Nutritional Composition of the Test Mealsa Used to Compare Different Saturated
and Monounsaturated FA

Oleate Elaidate Stearate Palmitate MCT Low fat

Energy (MJ) 5.2 5.2 5.2 5.2 5.2 5.2
Protein (% energy) 12 12 12 12 12 12
Carbohydrate (% energy) 23 23 23 23 23 81
Fat (% energy) 65 65 65 65 65 7
Fiber (g) 8 8 8 8 8 8
Fat (g) 90 90 90 90 90 10
8:0 (g) 0 0 0 0 19.1 0
10:0 (g) 0 0 0 0 18.6 0
16:0 (g) 3.7 3.7 6.2 36.9 2.2 0.4
18:0 (g) 3.8 7.1 35.6 3.8 1.9 0.4
18:1 trans (g) 0.1 34.1 0 0.3 0 0
18:1n-9 cis (g) 68.6 30.8 34.3 34.3 34.4 7.6
18:2n-6 (g) 8.2 8.6 7.9 8.6 8.6 0.9
aFrom Reference 13. The italicized numbers show the fat exchanges between test meals. MCT,
medium-chain TAG.

FIG. 1. Mean plasma TAG concentration (mmol/L) and postprandial
lipemia (mean values with 95% confidence interval) measured as the
areas under the curve following high-fat (90 g) test meals with different
saturated and monounsaturated FA compared with a low-fat (10 g) test
meal (data from Ref. 13). Repeated-measures ANOVA showed a signifi-
cant effect of meal × time interaction (P < 0.0001). Postprandial lipemia
was significantly lower after the medium-chain TAG (MCT) meal com-
pared with the oleate, elaidate, and palmitate meals (P < 0.001, P < 0.001,
P < 0.01, respectively) and significantly lower after the stearate meal than
after the oleate and elaidate meals (P < 0.001, P < 0.05, respectively).



fats appeared to be related to the proportion of solid fat mea-
sured by NMR at 37°C (Fig. 7).

Hemostatic function. Table 3 shows the changes in FVIIc
and FVIIa following the test meals in the first study (13). FVIIc
increased following all high-fat test meals, especially those rich
in palmitate, oleate, and elaidate compared with the low-fat
meal. However, the increase in FVIIa was lower following the
stearate and MCT meals compared with the oleate meal. In the
second study (14), FVIIc and FVIIa increased to the same ex-
tent following test meals rich in high-oleate sunflower oil or
unrandomized cocoa butter but did not increase significantly
following test meals containing the randomized stearic acid-
rich TAG (Fig. 8). In a later study (15), we showed that inges-
tion of randomized cocoa butter resulted in a much smaller in-
crease in postprandial TAG and activation of FVII than found
with cocoa butter. No adverse effects on the fibrinolytic activ-
ity of test meals containing stearic acid-rich fats were found
(Tables 4 and 5). However, PAI-1 activity tended to fall through
the day regardless of treatment, and tPA tended to rise.

DISCUSSION

The studies reported here were specifically designed to demon-
strate the adverse effects of stearic acid on postprandial lipemia
and hemostatic function. We were unable to find any evidence
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TABLE 2
Analyzed FA Content (g) of the Test Mealsa

Randomized stearic
Oleate acid-rich TAG Cocoa butter

Acetic (2:0) 0 6.3 0
Propionic (3:0) 0 0.8 0
Palmitic (16:0) 2.2 3.1 8.4
Stearic (18:0) 1.8 16.1 11.2
Oleic (18:1n-9) 37.9 11.5 21.7
Linoleic (18:2n-6) 5.2 5.8 5.8
aFrom Reference 14.

FIG. 2. Geometric mean ± SE in serum TAG following test meals rich
in cocoa butter stearic acid randomized TAG (SALATRIMTM; Cultor
Foods, Ardsley, NY) or high-oleic sunflower oil (oleate) in 18 women
and 17 men, aged 40–60 yr (data from Ref. 14). There was a significant
diet × time interaction (P = 0.002) for the analyses of the deviations of
serum TAG from fasting values. The increase in serum TAG was signifi-
cantly lower after the structured TAG meal than after the oleate and
cocoa butter meals at 3 h (P < 0.0001 for both) and at 6 h (P = 0.04, P =
0.001, respectively).

FIG. 3. Mean ± SE plasma TAG in 17 healthy men after consuming test
meals containing either 50 g randomized or 50 g unrandomized cocoa
butter (CCB). Data taken from Reference 15. The areas under the curve
are significantly different from each other (P < 0.01); randomized: 267
arbitrary units (95% confidence interval: 210, 314); unrandomized: 447
arbitrary units (95% confidence interval: 338, 557).

FIG. 4. Mean ± SE plasma TAG in 6 healthy men following test meals
containing 50 g randomized stearic acid-rich TAG and 50 g cocoa but-
ter. The areas under the curve were significantly different (P = 0.006):
randomized stearic acid-rich TAG, geometric mean 54.9 (95% confi-
dence interval: 19.8, 152.3); unrandomized cocoa butter, geometric
mean 164.0 (95% confidence interval: 96.0, 280.3).

FIG. 5. Geometric mean ± SE plasma TAG in 13 healthy men after con-
suming test meals containing either 50 g unrandomized shea butter or
50 g high-oleate sunflower oil. The areas under the curve were signifi-
cantly different P = 0.017: unrandomized shea butter, geometric mean
86.8 (95% confidence interval: 49.8, 151.3); high-oleate sunflower oil,
geometric mean 162.7 (95% confidence interval: 111.4, 237.7).



to support the view that stearic acid-rich fats had adverse effects
compared with oleic acid-rich fats. Indeed, our data suggest that
oleic acid-rich fats result in more pronounced postprandial
lipemia than other fats and in a greater postprandial increase in

FVII activation than other fats. However, our findings indicate
that there is considerable variability in the response to different
stearic acid-rich fats. Initially, we proposed that these differ-
ences may be due to the TAG structure. It was clearly evident
that FA in the sn-2 position in the dietary fat were conserved in
this position on absorption. This is in agreement with a report
by Summers et al. (21), who also observed that the presence of
stearic acid in the sn-2 position did not affect its subsequent rate
of clearance. We found that shea butter, which consists predom-
inantly of 1,3-distearoyl-2-oleoylglycerol, led to significantly
less postprandial lipemia than high-oleate sunflower oil. Ran-
domization of shea butter did not appreciably alter the postpran-
dial response. When we undertook measurements of the propor-
tion of solids at 37°C by low-resolution NMR, we found that
this was strongly predictive of the extent of postprandial
lipemia. Since completing this work, Tholstrup et al. (22,23)
have published data confirming that randomized stearic acid-
rich TAG result in less postprandial lipemia compared with
oleic acid and a lower activation of FVIIa (compared only with
trans 18:1). They were also unable to find any adverse effects
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FIG. 6. Composition of palmitic, stearic, oleic, and linolenic acids in
the sn-2 position of the chylomicron TAG (with 95% confidence inter-
vals) compared with the proportions in unrandomized and randomized
cocoa butter (from Ref. 15).

TABLE 3
Effect of High-Fat (90 g) Test Meals with Different Saturated and Monounsaturated FAa on Indices of Factor VII Coagulant Activity (FVIIc)
and Factor VII Activated Concentration (FVIIa) Compared with an Isoenergetic Low-Fat Test Meal (10 g fat) in 16 Healthy Subjects
(5 females, 11 males)b

Low fat MCT Palmitate Stearate Elaidate Oleate

FVIIc (%)
Fasting 112 ± 8.0 104 ± 6.9 105 ± 5.4 111 ± 6.9 110 ± 7.2 111 ± 6.9
3 h 104 ± 7.0 116 ± 7.1* 113 ± 7.2* 109 ± 7.3 118 ± 7.4 118 ± 6.7
7 h 99 ± 6.8* 113 ± 8.1 112 ± 6.9* 114 ± 8.2 121 ± 7.4*,† 124 ± 7.4*,†

FVIIa (ng/mL)
Fasting 1.4 ± 0.15 1.1 ± 0.14 1.3 ± 0.16 1.4 ± 0.13 1.4 ± 0.13 1.4 ± 0.18
3 h 1.4 ± 0.16 1.7 ± 0.33* 2.1 ± 0.39*,† 1.9 ± 0.24* 2.1 ± 0.24*,† 2.4 ± 0.44*,†

7 h 1.4 ± 0.19 1.5 ± 0.27 2.1 ± 0.33* 1.9 ± 0.26* 2.0 ± 0.19* 2.7 ± 0.56†,‡,§

aFrom Reference 13.
bMean values ± SE. Repeated-measures ANOVA data for FVIIc and FVIIa showed a significant meal × time interaction (P < 0.001). *P < 0.05: Compared with
fasting value in the same column; Dunnett’s multiple-comparison test. †P < 0.05: Compared with the corresponding value after the low-fat meal; Dunnett’s
multiple-comparison test. ‡P < 0.05: Compared with the corresponding value after the MCT meal; Bonferroni’s multiple-comparison test. §P < 0.05: Com-
pared with the corresponding value after the stearate meal; Bonferroni’s multiple-comparison test. For other abbreviations see Table 1.

FIG. 7. Solid fat content of stearic acid-rich fats measured at different
temperatures using low-resolution NMR.

A

B



of stearic acid-rich fats on fibrinolytic activity. Taken together,
these data refute the hypothesis that stearic acid-rich fats have
adverse effects on postprandial lipemia, fibrinolytic, and FVIIc
activities. However, further research is needed to clarify the ef-
fects of these and other lipids on endothelial function.
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ABSTRACT: Stearic acid has been claimed to be prothrombotic.
Elevated plasma factor VII coagulant activity (FVIIc) may raise the
risk of coronary thrombosis in the event of plaque rupture. Fib-
rinogen, an acute-phase protein, is necessary for normal blood
clotting; however, elevated levels of fibrinogen increase the risk
of coronary heart disease (CHD). Here I report the results of three
controlled, human dietary intervention studies, which used a ran-
domized crossover design to investigate the hemostatic effects of
stearic acid-rich test diets in healthy young men. A diet high in
stearic acid (shea butter) resulted in a 13% lower fasting plasma
FVIIc than a high palmitic acid diet, and was 18% lower than a
diet high in myristic and lauric acids (P = 0.001) after 3 wk of in-
tervention. The stearic acid-rich test fat increased plasma fibrino-
gen concentrations slightly compared with the myristic–lauric
acid diet (P < 0.01). When investigating the acute effects of fatty
meals, those high in stearic acid (synthesized test fat) resulted in a
smaller postprandial increase in FVII than those high in trans and
oleic FA, indicating a smaller increase in activated FVII after in-
gesting stearic acid compared with fats high in monounsaturated
FA, probably caused by lower postprandial lipemia. Thus, the
present investigations did not find dietary stearic acid to be more
thrombogenic, in either fasting effects compared with other long-
chain FA, or in acute effects compared with dietary unsaturated
FA, including trans monounsaturated FA. The slightly increased
effect on fasting plasma fibrinogen may be biologically insignifi-
cant, but it should be investigated further.

Paper no. L9816 in Lipids 40, 1229–1235 (December 2005).

Stearic acid, a long-chain dietary saturated FA (SFA), is known
to have unique beneficial effects because, unlike other long-chain
SFA, it has a neutral or lowering effect on plasma cholesterol (1).
However, to determine whether stearic acid is a healthy alterna-
tive to SFA and trans FA, which increase cholesterol, it is rele-
vant to study its effects on other important risk factors for coro-
nary heart disease (CHD). It has repeatedly been suggested that
long-chain SFA, especially stearic acid, have thrombogenic ef-
fects. The idea that long-chain FA are thrombogenic originates
from studies performed in the 1960s, when it was shown that

stearic acid, added as sodium salts to the blood in vitro, acceler-
ated thrombus formation (2). Others reported that injections of
unbound long-chain SFA into the systemic circulation of dogs
was followed by massive thrombosis and sudden death (3).
Later, when focusing on the thrombogenic effects of SFA in a
population comparison, Renaud et al. (4) demonstrated that
stearic acid was correlated with clotting activity and platelet ag-
gregation. However, platelet aggregation was measured by in
vitro methods and the results are not considered applicable to the
situation in vivo. In contrast, valid methods exist to measure key
hemostatic variables affecting blood clot formation and the dis-
solution of blood clots. Figure 1 illustrates blood coagulation and
fibrinolysis with particular reference to factors (boldfaced) of the
pathways included in this paper. Normally, the hemostatic sys-
tem is finely balanced between fibrin formation and dissolution.
However, during atherothrombosis it may become unbalanced,
with excessive fibrin formation. Factor VII (FVII) appears to
play a major role in basal thrombin generation (5) and thereby in
thrombus formation. We report the results of FVII coagulant ac-
tivity (FVIIc), which measures the zymogen (inactivated form
of the protein), and the activated FVII (FVIIa), which is normally
approximately 1%. Plasma FVIIc has been reported to be
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FIG. 1. Blood coagulation and fibrinolysis, an overview of part of the
coagulation cascade and fibrinolytic system. Parameters investigated in
the studies reported in this paper are highlighted. F1+2, prothrombin
fragment 1 + 2; FVIIa, activated factor VII; FVIIc, factor VII coagulant
activity; t-PA, tissue plasminogen activator; PAI-1, plasminogen activa-
tor inhibitor type-1. 



strongly and independently associated with the risk of CHD in
middle-aged men (6), although this relation have not been ob-
served in several more recent prospective studies (7–10). Never-
theless, the possibility cannot be discounted that a high peak
FVIIc in the postprandial period, caused by activation of FVII
(11), may temporarily raise the risk of serious coronary throm-
bosis in the event of rupture of an atheromatous plaque. Moving
further downstream in the coagulation cascade (Fig. 1), throm-
bin converts fibrinogen to fibrin, which is deposited in strands
that trap erythrocytes and form the clot. Elevated fibrinogen is a
coagulation factor and a marker of inflammatory reaction
(7,12,13). Fibrinogen is strongly associated with CHD. It in-
creases blood viscosity and stimulates platelet aggregation (14)
and smooth muscle cell proliferation (15). Plasma fibrinogen
concentration is affected by age, smoking, body mass index, and
alcohol consumption (16).

With regard to dissolution of the blood clot, the primary ini-
tiator of fibrinolysis is tissue plasminogen activator (t-PA),
which, when bound to fibrin, activates plasminogen to plasmin,
which in turn cleaves fibrin and breaks up the blood clot. Over-
all, low levels of t-PA may increase the risk of subsequent
CHD. However, the major regulator of fibrinolysis is plasmino-
gen activator inhibitor type-1 (PAI-1) (17). High PAI-1 concen-
trations have been associated with CHD (18–20).

This paper includes the results of three different interven-
tion studies investigating the effect of stearic acid test fats (nat-
ural or synthesized) on coagulation and fibrinolysis in healthy
men.

SUBJECTS AND METHODS

We report the results of three studies focusing on fasting, post-
prandial, and background effects, respectively. All the studies
were performed as controlled dietary intervention studies with
a crossover design. The effects of stearic acid were investigated
after either 3–4 weeks of intervention in the fasting phase
(study I), postprandially 2, 4, 6, and 8 h after intake of fatty
meals (study II), or postprandially after 3 wk of intervention
(study III). The subjects of the studies were healthy young men,
aged 20–30 yr. Intervention periods or days were separated by
washout periods (3–8 wk). Habitual diet was assessed by 7-d
weighed food records prior to inclusion. We investigated the
effects of three different types of stearic acid test fats: shea but-
ter, a natural source of stearic acid (Fig. 2) (study I) (21); inter-
esterified synthetic fat (Fig. 3) (study II) (22); or milk fat, in
which the FA composition was modified by purposefully de-
signed feeding of the dairy cows (Table 1) (study III) (24), re-
spectively. Test fats were incorporated into one or more of the
following items: bread, rolls, cakes, vegetable dishes, mashed
potatoes, sausages, or fish patés.

Blood analyses. Plasma FVIIc (% standard) was assessed
by a one-stage clotting assay as described previously (21,22),
and plasma FVIIa was measured by a one-stage clotting assay
using a soluble mutant recombinant tissue factor that possessed
cofactor activity for FVIIa but failed to support the activation
of FVII (22). Total protein concentrations of FVII (FVIIag)
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FIG. 2. Analyzed proportion of the major FA in the three test fats used
in the intervention study (study I; Ref. 1). S, high in stearic acid, pro-
duced from shea butter (nuts from the shea butter tree, Butyrospermum
parkii Sapotacae), refined and rinsed with acetone, containing 6.9%
nonglycerides; P, high in palmitic acid, from palm oil (Palmitex, Aarhus
Olie A/S, Aarhus, Denmark); ML, high in both myristic and lauric acids,
from a mixture of palm kernel oil and high-oleic sunflower oil (21). 

FIG. 3. Analyzed proportion of the major FA in the five interesterified test
fats used in the intervention study (II). O, rich in oleic acid; T, rich in trans
FA; L, rich in linoleic acid; for other abbreviations see Figure 2 (22).



were assessed by an ELISA, the protein concentrations of pro-
tein C (protein Cag) and C-reactive protein (CRP) were mea-
sured by ELISA methods, the protein concentration of factor X
(FXag) was measured by rocket immunoelectrophoretic meth-
ods, fibrinogen and albumin were determined by immunologic
methods, and the in vivo generation of thrombin was assessed
by measuring prothrombin fragment 1 + 2 (F1+2) by a com-
mercially available ELISA method (23).

The plasma t-PA activity and PAI-1 antigen concentration
were assessed by commercial enzyme-linked immunosorbent
assays, and the plasma PAI-1 antigen was assessed by a chro-
mogenic assay (22).

Ethics. The protocol and the aim of the studies were fully
explained to the subjects, who gave their written consent. The
Scientific Ethics Committee of the municipalities of Copen-
hagen and Frederiksberg approved the research protocols of the
different studies.

RESULTS

Effects in the fasting state. Study I: stearic acid from shea but-
ter, 3 wk of intervention. Plasma FVIIc was significantly re-
duced after giving shea butter, with high amounts of stearic
acid, compared with the diets high in palmitic acid, high in
myristic + lauric acids, and the habitual diet (Fig. 4) (21). To
elucidate the mechanisms behind the effect of stearic acid on
FVIIc, we investigated the effects of the coagulation cascade
on some proteins (FVIIag, FXag, and protein Cag). All de-
creased after receiving stearic acid (Table 2) (23), indicating
that the observed decrease in FVIIc was due to a decrease in
the amount of protein and had no effect on the activity state of
the protein. F1+2, a sensitive marker of activation of the coag-
ulation system produced during the conversion of prothrombin
to thrombin, was reduced, and plasma fibrinogen was slightly
increased after receiving stearic acid compared with
myristic–lauric acids (Table 2) (23). However, the acute-phase
proteins CRP and albumin were not affected differently by re-
ceiving stearic acid (Table 2). In addition, the fibrinolytic pa-
rameters were not affected differently.

Effects in the fasting state. Study III: milk fat increased in
stearic (and oleic acid), 4 wk of intervention, fasting values.

Milk fat with an increased content of stearic acid did not result
in any differences in FVIIc and the fibrinolytic parameters (24).

Effects in the postprandial state. Study II: meals high in
stearic acid. Stearic acid (30–38 g) in a synthesized interesteri-
fied test fat (Fig. 3) resulted in a lower FVIIa than did trans FA
and a lower FVIIc than did oleic acid (P < 0.02) (diet × time
interaction) (Figs. 5a, 5b) (22). For comparison, we included
the responses in FFA and lipemia (Figs. 5e, 5f) (22). Although
the response pattern of FVII and plasma TAG was rather simi-
lar, the increase in FVIIa was not significantly associated with
the level of lipemia. No other differences were observed in the
hemostatic variables.

Effects of the background diet. Study III: modified milk fat.
Postprandial FVIIc was increased less after a meal (with1.2 g
milk fat/kg body weight) of modified milk fat (FA composition
shown in Table 1) on day 21 of the intervention period com-
pared with a meal with ordinary Danish milk fat (Fig. 6) (24).
No other differences were observed.

DISCUSSION

Effects in the fasting state. When stearic acid was given as shea
butter, we observed a uniform decline in FVIIc compared with
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TABLE 1
Content of the Major FA in the Test Milka

% FA of total FA

FA Modified milk fat (M) Danish milk fat (D)

4:0–10:0 8.7 10.7
12:0 2.9 4.1
14:0 10.7 12.1
16:0b 21.1 36.8
18:0 10.9 7.2
18:1 trans 6.4c 1.1d

18:1n-9 25.0 15.3
aAnalyzed by GLC. The boldfaced values indicate the content of stearic and
oleic acids in the two test milks.
b16:0 also includes the branched isoforms typical of milk fat.
cThe two major trans isomers are 18:1n-7 and 18:1n-8, about 2% of each.
dThe major trans isomer is 18:1n-7.

FIG. 4. Plasma mean FVIIc% + median (Q50 values) after 3 wk on an S,
P, or ML diet. ***P < 0.001 compared with others (21). For abbrevia-
tions see Figure 2.

TABLE 2
Hemostatic Variablesa

Variable Diet ML Diet S

FVII:Ag (%) 90 (71–97) 80** (50–91)
FX:Ag (%) 91 (79–96) 87* (76–95)
Protein C:Ag (%) 96 (88–122) 83* (74–105)
F1+2 (nmol/L) 1.00 (0.78–1.09) 0.90** (0.71–0.99)
CRP (mg/L) 0.42 (0.18–0.91) 0.39 (0.04–0.67)
Albumin (g/L) 30.6 (29.0–31.1) 30.1 (29.2–31.0)
Fibrinogen (g/L) 2.6 (2.4–2.7) 2.8** (2.7–3.1)
aMedian values (n = 15) (25–75% percentile) after 3 wk on a diet high in
myristic and lauric acid (ML) or rich in stearic acid (S). FVII:Ag, factor VII
protein concentration; FX:Ag, factor X protein concentration; protein C:Ag,
protein C protein concentration; F1+2, prothrombin fragment 1 + 2; CRP,
C-reactive protein. *P < 0.05, **P < 0.01 (Wilcoxon).



test fats high in palmitic (15%) and myristic–lauric acid (18%)
(Fig. 4) (21). The reduction in FVIIc indicated a decrease in
procoagulant activity, because the decrease in other proteins of
the coagulation cascade (i.e., FVIIag and FXag) was accompa-
nied by a decrease in F1+2, which is formed during the con-
version of prothombin to thrombin (23). The lower FVIIc after
a high-stearic test fat agrees with results by a single study in
which a high stearic acid test fat (synthetic hardened canola,
high-oleic sunflower oil) decreased FVIIc compared with base-
line values (25), whereas the decrease in FVIIc after giving
stearic acid was not significantly lower than after giving

palmitic acid. However, our results disagreed with findings by
Mutanen and Aro (26), who found no differences between the
effects of stearic acid, dairy fat, or trans fat. A study with 9 par-
ticipants also showed no drop in FVIIc after giving stearic acid
compared with oleic and linoleic acids (27), probably because
of a lack of statistical power. It is not clear what caused the dif-
ference in the effects of stearic acid between our study and that
of Mutanen and Aro. It could be that we served higher amounts
of stearic acid (14 E% vs. 9 E% in their study). Our control
diets were very well matched and compliance was extremely
high, as the participants were followed very thoroughly, which
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FIG. 5. Least-squares mean (± SE) changes in FVIIa (a) and FVIIc (b) 2, 4, 6, and 8 h after in-
take and in PAI-1 (c) antigen and t-PA (d) activity 4 and 8 h after intake of test meals rich in
palmitic acid (P, s; n = 16), stearic acid (S, l; n = 16), oleic acid (O, ss; n = 16), trans FA (T,
uu; n = 15), and linoleic acid (L, ll; n = 16). For comparison we included data for the change
in free FA (e) and plasma TAG (f) 2, 4, 6, and 8 h after intake of test meals rich in the same
fats. Data for 0 h are fasting values; other values are postprandial. For details of the FA compo-
sition of the test fats, see Figure 3. The overall repeated-measures ANOVA for FVIIa was P =
0.053; that for S vs. P was P = 0.017. The overall repeated-measures ANOVA for FVII:c was P
= 0.018; that for S vs. O was P = 0.012, and that for S vs. P was P = 0.021. For abbreviations
see  Figures 1–3.

 



may not have been possible in the much larger Finnish study
with a parallel design. Also, the nature of the stearic acid test
fat may have played a role. We investigated shea butter, which
has a high concentration of nonglyceride components. This
may have affected FVIIc, whereas the other study included a
synthetic fat, margarine with stearic acid. However, the exis-
tence of a specific effect of nonglyceride components is not
supported by the results of Kelly et al. (25), who observed a re-
duction in FVIIc after giving a synthetic stearic acid test fat.
Thus, for the time being, we can conclude only that stearic acid
may decrease FVIIc, whereas the nonglyceride components
may also play a role.

Another finding in our study was a slight increase in plasma
fibrinogen after giving stearic acid compared with myristic–
lauric acids, in agreement with the slight but uniform increase in
fibrinogen found by others (26,28). We observed a 7% increase
in fibrinogen (2.6–2.8 0.2 g/L) after 15E% of stearic acid com-
pared with myristic–lauric acids (23). Mutanen and Aro (26) re-
ported a 4% increase (3.49–3.63 = 0.14 g/L) after giving 9E% of
stearic acid compared with a baseline with dairy fat, and Baer et
al. (28) found a 6% increase (2.71–2.86 = 0.15 g/L) after giving
8E% stearic acid compared with oleic acid, a 4% increase
(2.74–2.86 = 0.12 g/L) compared with trans FA, and a 6% in-
crease (2.68–2.86 = 0.18 g/L) compared with a test fat contain-
ing lauric, myristic, and palmitic acids. In our study, the increase
in fibrinogen was not accompanied by an increase in plasma
CRP, an acute-phase protein and a marker of inflammation (29),
or by a decrease in albumin. Although fibrinogen is an indepen-
dent risk marker of CHD (30), the mechanism by which stearic
acid increases fibrinogen is not understood. In addition, the role
of fibrinogen has not been fully elucidated. The increasing effect
on fibrinogen after giving stearic acid observed in most studies
is small and results from very high amounts of stearic acid. Al-
though this effect may be biologically insignificant, it warrants
further investigation.

Effects in the postprandial state. We focused on postpran-
dial effects, because plasma TAG after a meal may represent a
procoagulative state by promoting FVII activation and increas-
ing plasma PAI-1.

We observed a lower increase after stearic acid in FVIIc
compared with oleic acid (22). In addition, there was a smaller
increase in FVIIa with stearic acic than after the intake of trans
FA (22). Our results are in agreement with findings by Sanders
et al. (31), who also reported a lower FVIIc after the intake of
stearic acid. However, Mennen et al. (32) did not find a spe-
cific effect of stearic acid when compared with palmitic,
linoleic, or linolenic acid. We tested the effects of high amounts
of synthesized interesterfied stearic test fats (30–38 g of stearic
acid) (22,31), as did Sanders’ group, whereas only half the
amount of stearic acid (the source of stearic acid was not re-
ported) was served by Mennen et al. (32). Thus, factors such
as the amounts of fat and m.p. (higher for synthesized inter-
esterfied fats) may have caused the difference in results. We
suggest that the capacity to absorb stearic acid may be some-
what impaired or delayed when large amounts are eaten. In ad-
dition, stearic acid in synthetic fats (random esterification) may
be less completely and more slowly absorbed (33).

Effects of the background diet (study III). Surprisingly, we
observed a slightly lower increase in postprandial FVIIc after a
load (1.2 g milk fat/kg body weight) with higher stearic and
oleic acids and a lower content of palmitic and myristic acids.
Because plasma TAG and FVII activation is somewhat linked,
and the decrease in FVIIc observed in our study was accompa-
nied by an increased plasma TAG, we suggest that the attenu-
ating effect after giving the modified test fat was an effect of
the background diet (which in this case was the intervention
diet with the modified milk fat) and not an effect of the FA
composition of the meal. Our finding is in line with the sugges-
tion that FVIIc may be affected more by habitual dietary FA
than FA of the acute test meal. A background diet high in olive
oil has been shown to affect postprandial FVIIc in two differ-
ent studies (34,35). Thus, a background diet with stearic and
oleic acid may attenuate postprandial FVII activation. How-
ever, further investigation is required to determine the role of
stearic acid per se.

SUMMARY

Shea butter high in stearic acid decreased fasting FVIIc com-
pared with fats high in palmitic and myristic–lauric acids.
Whether the effect was due to stearic acid per se or the non-
glyceride components remains to be established. Stearic acid
in a synthethic randomized fat attenuates postprandial activa-
tion of FVII compared with some other FA, oleic acid, and
trans FA.

OVERALL CONCLUSIONS

Dietary stearic acid was not more thrombogenic than unsatu-
rated FA, including trans FA, in the postprandial state. Fat high
in stearic acid was not more thrombogenic than that containing
other long-chain SFA. The slight increasing effect on fasting
plasma fibrinogen may be biologically insignificant; however,
this should be investigated further.
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FIG. 6. Plasma FVII and TAG in fasting samples (0 h) and in samples
collected (2,4,6,8 h) after intake of a high-fat breakfast (with the same
FA composition as the intervention diet) on day 21 of the test period.
Diet with modified milk fat (M, nn), a diet containing Danish milk fat (D,
u). FVIIc values are medians and 25–75 percentile ranges; values for
plasma TAG are means ± SEM, n = 18 (24). For other abbreviations see
Figure 1.



FURTHER RESEARCH

The effect of stearic acid on FVIIc should be investigated fur-
ther to determine whether the decrease in FVIIc was an effect
of stearic acid per se or an effect of the nonglyceride compo-
nents of the test fat. The effect of stearic acid in natural sources
compared with synthetic fats on fasting FVIIc should be eluci-
dated further. It would also be relevant to investigate whether
stearic acid in the background diet has some beneficial attenu-
ating effects on postprandial FVIIc. Finally, new end points re-
lated to the effect of stearic acid on CHD, such as inflamma-
tory markers, atherosclerotic progression, and plaque stability,
should be included.
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ABSTRACT: Sterol 27-hydroxylase (CYP27A1) may defend cells
against accumulation of excess cholesterol, making this enzyme a
possible target in the management of hyperlipidemia. The study
objective was to analyze cholesterol homeostatic responses to in-
creases in CYP27A1 activity in HepG2 cells and primary human
hepatocytes. Increasing CYP27A1 activity by increasing enzyme
expression led to significant increases in bile acid synthesis with
compensatory increases in HMG-CoA reductase (HMGR) activ-
ity/protein, LDL receptor (LDLR) mRNA, and LDLR-mediated cho-
lesterol uptake. Under these conditions, only a small increase in
cellular 27-hydroxycholesterol (27OH-Chol) concentration was
observed. No changes were detected in mature sterol regulatory
element-binding proteins (SREBP) 1 or 2. Increasing CYP27A1 ac-
tivity by increasing mitochondrial cholesterol transport (i.e., sub-
strate availability) led to greater increases in bile acid synthesis with
significant increases in cellular 27OH-Chol concentration. Mature
SREBP 2 protein decreased significantly with compensatory de-
creases in HMGR protein. No change was detected in mature
SREBP 1 protein. Despite increasing 27OH-Chol and lowering
SREBP 2 protein concentrations, LDLR mRNA increased signifi-
cantly, suggesting alternative mechanisms of LDLR transcriptional
regulation. These findings suggest that regulation of liver mitochon-
drial cholesterol transport represents a potential therapeutic strat-
egy in the treatment of hyperlipidemia and atherosclerosis.

Paper no. L9848 in Lipids 40, 1237–1244 (December 2005).

With its ability to metabolize cholesterol (Chol) to the regulatory
oxysterol 27-hydroxycholesterol (27OH-Chol) and its wide dis-
tribution in many different organs and tissues, mitochondrial
sterol 27-hydroxylase (CYP27A1) has long been thought to play
a major role in the regulation of cholesterol homeostasis, and
more specifically, in the general defense of cells against choles-
terol accumulation. In hepatocytes the 27-hydroxylation of cho-
lesterol/sterol intermediates by mitochondrial CYP27A1 repre-
sents an important step in both the “acidic” and the “neutral”

pathways of bile acid biosynthesis. CYP27A1-mediated 27-
hydroxylation of cholesterol is the initial step in the “acidic”
pathway, whereas in the “neutral” or “classic” pathway,
CYP27A1-mediated 27-hydroxylation of sterol intermediates
occurs as a later step following 7α-hydroxylation (1).

Our laboratory has shown that transport of cholesterol to the
inner mitochondrial membrane represents an important regula-
tory step in the degradation of cholesterol to 27OH-Chol by
CYP27A1. Moreover, CYP27A1 activity and, subsequently,
intracellular 27OH-Chol levels and bile acid synthesis via the
acidic pathway can be increased through overexpression of the
mitochondrial cholesterol transporter, StAR (steroidogenic
acute regulatory protein), both in human, rat, and mouse hepa-
tocytes in vitro (2) and in the rat and mouse in vivo (3). A regu-
lable StAR-like mitochondrial cholesterol transporter has now
been identified in these same hepatic cell lines as well as in
whole liver tissue (4).

In a number of cell types, the addition of micromolar con-
centrations of exogenous oxysterols (i.e., 25-hydroxycholes-
terol, 27-hydroxycholesterol, etc.) has been shown to reduce
the levels of HMG-CoA reductase (HMGR; i.e., rate-determin-
ing step of cholesterol biosynthesis) mRNA, protein, and spe-
cific activity, as well as LDL-receptor (LDLR) mRNA levels
and LDLR-mediated cholesterol uptake (5,6). More specifi-
cally, sterols have been shown not only to lower the transcrip-
tional activity of HMGR, but also to independently increase
the rate of protein degradation (7,8). Based on these observa-
tions, it was hypothesized that circulating 27OH-Chol is a po-
tent feedback regulator of cholesterol homeostasis (9,10). In
support of this hypothesis, subsequent studies have shown that
increasing 7α-hydroxylation of 27OH-Chol by CYP7B1
(oxysterol 7α hydroxylase) eliminated the ability of 27OH-
Chol to down-regulate cholesterol biosynthesis (11). However,
these additional findings also led to the contrasting hypothesis
that 27OH-Chol may in fact have little or no impact on choles-
terol biosynthesis in cells (i.e., hepatocytes) where it can be
rapidly converted to the cholest-5-ene,3β,7α,27-triol (by mi-
crosomal CYP7B1) and subsequently to bile acids.

The current study was conducted to determine whether an
increase in hepatic CYP27A1 activity that resulted in increased
cholesterol metabolism and higher hepatic 27OH-Chol levels
could alter cellular cholesterol homeostasis in a manner that
would have therapeutic implications in the management of ath-
erosclerosis and hyperlipidemia. CYP27A1 specific activity
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was increased in HepG2 cells in one of two ways: by adeno-
viral-mediated overexpression of CYP27A1 or by adenoviral-
mediated overexpression of the mitochondrial cholesterol
transporter, StAR. Increasing CYP27A1 expression increased
the 27-hydroxylation of cholesterol and the production of bile
acids with little change in cellular 27OH-Chol levels. However,
these changes still elicited significant changes in hepatic cho-
lesterol homeostasis (increasing HMGR protein/activity; in-
creasing LDLR mRNA and uptake of cholesterol). By increas-
ing the transport of cholesterol to the inner mitochondrial
CYP27A1, cells were able to increase cellular 27OH-Chol lev-
els while at the same time increasing bile acid synthesis even
further. Under these conditions, the changes observed in cho-
lesterol metabolism, synthesis, and uptake suggested that he-
patic mitochondrial cholesterol transport could be a target in
management of hypercholesterolemia (increasing cholesterol
metabolism, decreasing HMGR protein, and increasing LDLR
mRNA levels).

EXPERIMENTAL PROCEDURES

Materials. HepG2 cells were obtained from the American Type
Culture Collection (ATCC; Rockville, MD). Primary human he-
patocytes were obtained from a National Institutes of Health-
approved facility (Liver Tissue Procurement Distribution Sys-
tem, University of Minnesota, Minneapolis, MN). All cell cul-
ture materials were obtained from Gibco BRL (Grand Island,
NY) unless otherwise specified. The cesium chloride (CsCl),
agarose, and RNA ladder used to size mRNA were also pur-
chased from Gibco BRL. FBS was obtained from BioWhittaker
(Walkersville, MD). Tissue culture flasks were purchased from
Costar Corp. (Cambridge, MA). Chemicals used in this research
were obtained from Sigma Chemical Co. (St. Louis, MO) or Bio-
Rad Laboratories (Hercules, CA) unless otherwise specified. All
solvents were obtained from Fisher (Fair Lawn, NJ) unless oth-
erwise indicated. All radionucleotides as well as the Aquasol so-
lution were purchased from DuPont NEN (Boston, MA). En-
hanced chemiluminescence (ECL) reagents were purchased
from Amersham Biosciences (Piscataway, NJ). Waters Silica
Sep-Paks were obtained from Waters Corporation (Milford,
MA). β-Cyclodextrin was purchased from Cyclodextrin Tech-
nologies Development Inc. (Gainesville, FL). Testosterone and
27OH-Chol were obtained from Research Plus Inc. (Bayonne,
NJ). LK6 20 × 20 cm TLC plates were purchased from What-
man Inc. (Clifton, NJ). Mevalonate was obtained from Aldrich
Chemical Co. (Milwaukee, WI). Nylon membranes were pur-
chased from Micron Separation Inc. (Westborough, MA). Am-
monium persulfate was obtained from Amresco (Solon, OH).
Nonfat dry milk was purchased from Carnation (Glendale, CA).
DiI (1,1′-dioctadecyl-3,3,3′,3′-tetramethyl-indocarbocyanine
perchlorate), labeled LDL/HDL, and unlabeled LDL/HDL were
obtained from Intracel Corporation (Rockville, MD). Mevinolin
was obtained from Merck Research Laboratories (Rahway, NJ).
The HMGR mouse monoclonal antibody was prepared in our
laboratory with A9 Mouse Hybridoma cells obtained from the
ATCC. The mouse monoclonal IgG sterol regulatory element

binding protein (SREBP) 2 was prepared in our laboratory with
IgG-1D2 Mouse Hybridoma cells obtained from ATCC. The
mouse monoclonal IgG SREBP 1 was purchased from BD
PharMingen (San Jose, CA). The secondary antibody [goat anti-
mouse or rabbit IgG-horseradish peroxidase (HRP) conjugate]
was also purchased from Bio-Rad Laboratories. The human
StAR cDNA probe and polyclonal antibody were generous gifts
from Dr. J.F. Strauss (University of Pennsylvania, Philadelphia,
PA) (12).

Generation, propagation, and purification of recombinant
adenovirus encoding rat CYP27A1 and control virus CMV+1.
Recombinant replication-defective adenoviruses Ad-CMV+1

(control virus), Ad-CMV-CYP27A1, and Ad-CMV-StAR were
generated as described previously (13).

Cell culture and adenovirus infection. HepG2 cells were
grown in MEM containing nonessential amino acids, 0.03 M
NaHCO3, 10% FBS, 1 mM L-glutamine, 1 mM sodium pyru-
vate, and 1% penicillin/streptomycin; and incubated at 37°C in
5% CO2. Where indicated, 10% LPDS (lipoprotein-deficient
serum) was substituted for 10% FBS. Primary human hepato-
cytes were isolated and plated as described previously (14,15)
in the presence of 0.1 M dexamethasone. Cells were grown in
162 cm2 (25 mL) tissue culture flasks until they were 80–90%
confluent. They were then infected for 48 h [HepG2 cells—
multiplicity of infection (MOI) of 1; primary human hepato-
cytes—MOI of 10) with Ad-CMV-CYP27A1, Ad-CMV-StAR,
or Ad-CMV+1 as described previously (13). A virus-free con-
trol was maintained for each experiment. Cells (control, con-
trol virus, CYP27A1, and StAR infected) were harvested for
the isolation of mitochondria,  microsomes, cytosol, nuclear
extract, and RNA.

Primary human hepatocytes. Primary human hepatocytes
were purchased from an NIH-approved facility (Liver Tissue
Procurement Distribution System, University of Minnesota).
Cells were obtained from a random sampling of males and fe-
males 18–69 yr of age. Experiments were  performed as cells
became available to corroborate findings in experiments con-
ducted in HepG2 cells.

Cell fractionation. Mitochondria and microsomes were iso-
lated from cell culture as described previously (16,17). Nuclear
extract was isolated from cell culture as described by Wang et
al. (18).

Enzymatic activity. CYP27A1 specific activity was assayed
by the method of Petrak and Latario (19), with modifications
as previously described (13). CYP27A1 activities were ex-
pressed as percentage of control values. Microsomal HMGR
specific activity was assayed by the method of Shefer et al. (20)
and expressed as percentage of control values. 

Quantification of CYP27A1, LDLR, and HMGR mRNA lev-
els. Methods for the isolation of RNA and the determination of
mRNA levels by Northern blotting have been described previ-
ously (21). The CYP27A1 cDNA probe used has been de-
scribed previously (22). The HMGR cDNA probe used in these
experiments was the same as the probe used by Day et al. (23).
The LDL cDNA probe (pLDLR3) was obtained from ATCC
(Manassas, VA).
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Bile acid and 27OH-Chol synthesis. Labeled bile acids and
27OH-Chol were extracted from both media and cells using the
method of Folch et al. (24). Bile acid biosynthesis was mea-
sured as the conversion of [14C]cholesterol to [14C]-labeled bile
acids (25). [14C]27OH-Chol was isolated from the cell extract
or media CHCl3 phase on TLC (hexane/isopropanol/glacial
acetic acid; 95:3:2 by vol). [14C]27OH-Chol (Rf = 0.19) and
[14C]cholesterol (Rf = 0.36) bands were scraped from the TLC
plates, and radioactive counts were obtained using a Beckman
Liquid Scintillation Counter. The concentration of 27OH-Chol
was calculated as a percentage of the cholesterol substrate to
correct for possible loading errors. Both bile acid biosynthesis
rates and 27OH-Chol concentrations for infected samples were
expressed as a percentage of control values.

Western blot analysis of protein. Mitochondrial, microso-
mal, and nuclear extract proteins (30 µg) were separated on a
10% SDS-polyacrylamide denaturing gel according to the
method of Laemmli (26). Following electrophoresis, proteins
were electrophoretically transferred overnight to Immobilon-P
membranes using a Bio-Rad Mini Trans Blot Electrophoretic
Transfer cell. The membranes were then blocked for 90 min
(25°C) in blocking buffer (PBS, pH 7.4, 0.1% Tween, 5% non-
fat dry milk). Mitochondrial proteins were then incubated for
90 min (25°C) or overnight (4°C) with a rabbit StAR poly-
clonal IgG (1:12,000). Microsomal proteins were incubated
overnight (4°C) with a mouse HMGR monoclonal IgG (1:100).
Nuclear extract proteins were incubated for 90 min (25°C) with
a mouse SREBP 2 monoclonal IgG (1:100) or a mouse SREBP
1 monoclonal IgG (1:1000). After washing, a secondary anti-
body (goat antirabbit IgG-HRP conjugate, 1:3000 for StAR,
goat antimouse IgG-HRP conjugate, 1:3000 for HMG-CoA re-
ductase and 1:10,000 for SREBP) was added to the blocking
solution (25°C, 1 1/2 h). After washing, the protein bands were
detected using the Amersham ECL plus Kit.

Spectrofluorescence analysis of DiI-lipoprotein uptake. Up-
take of DiI-LDL into HepG2 cells was determined by the
method of Teupser et al. (27) with the following modifications.
Cells were maintained throughout the experiment in media op-
timal for cell viability (see Cell cultures and adenovirus infec-
tion section). All incubations were performed in duplicate, and
fluorescence was measured in a Spectrafluor Plus (Tecan US,
Inc., Research Triangle Park, NC).

Statistics. Results are reported as mean ± SE, where possi-

ble. Statistical significance was determined where appropriate
by Student’s t-test.

RESULTS

Data from our laboratory have shown that CYP27A1 mRNA,
protein levels, and specific activity increase significantly (P ≤
0.02) in HepG2 cells 48 h following infection with the recom-
binant replication deficient adenovirus encoding the CMV-
driven full-length CYP27A1 gene (Ad-CMV-CYP27A1) (data
not shown; see Ref. 13). No changes were observed in
CYP27A1 mRNA, protein levels, or specific activity in cells
infected with a control virus (Ad-CMV+1).

The data in Table 1 show the effects of increasing CYP27A1
specific activity on the rates of bile acid synthesis in HepG2
cells and in primary human hepatocytes. In HepG2 cells, bile
acid synthesis was increased 50% above control values in cells
infected with Ad-CMV-CYP27A1 (i.e., overexpressing
CYP27A1) and 169% above control values in cells infected
with the Ad-CMV-StAR (i.e., overexpressing StAR increased
substrate availability) (P ≤ 0.02). In primary human hepato-
cytes, bile acid synthesis was increased 73% above control val-
ues following overexpression of CYP27A1 and 514% above
control values following overexpression of StAR (P ≤ 0.02)
(Table 1). No change in the rates of bile acid synthesis was ob-
served in cells infected with the control virus (Ad-CMV+1).

The cellular 27OH-Chol levels in control HepG2 cells were
0.60 ng/106 cells (137 nM). Following CYP27A1 gene overex-
pression, little increase was seen the in cellular 27OH-Chol
(116% increase; P ≤ 0.02; Table 2). However, HepG2 cells in
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TABLE 1 
Bile Acid Synthesis Rates Following Infection with Ad-CMV-CYP27A1
or Ad-CMV-StARa

Adenovirus HepG2 1° Human

Ad-CMV-CYP27A1 150b ± 4% 177b ± 33%
Ad-CMV-StAR 269b ± 7% 614b ± 180%
aData are expressed as percentage of controls (no virus; mean ± SE) (n = 6).
No significant differences in bile acid synthesis rates were observed between
hepatocytes receiving no virus and hepatocytes infected with the control
virus (Ad-CMV+1; data not shown). Ad, adenovirus; CMV, cytomegalovirus;
CYP27A1, sterol 27-hydroxylase; StAR, steroidogenic acute regulatory pro-
tein.
bP ≤ 0.02.

TABLE 2
StAR Protein, Cellular 27OH-Chol Concentration, HMGR mRNA/Protein, and LDRL mRNA
Following Infection with Ad-CMV-CYP27A1 and Ad-CMV-StARa–c

Cellular HMGR HMGR
StAR protein [27OH-Chol] mRNA protein LDLR mRNA

239b ± 6% 116b ± 4% 101c ± 3% 145b ± 7% 173b ± 10% Ad-CMV-CYP27A1

897b ± 159% 197b ± 19% 81b ± 2% 66b ± 6% 282b ± 62% Ad-CMV-StAR
aData are expressed as percentage of controls (no virus; mean ± SE) (n = 6). No significant differ-
ences were observed between hepatocytes that received no virus and hepatocytes infected with con-
trol virus (Ad-CMV+1; data not shown). 27OH-Chol, 27-hydroxycholesterol; HMGR, HMG-CoA re-
ductase; LDLR, LDL-receptor; for other abbreviations see Table 1. 
bP ≤ 0.02.
cP ≤ 0.800.



which the mitochondrial cholesterol transporter StAR had been
overexpressed showed a 97% increase in cellular 27OH-Chol
levels (P ≤ 0.02; Table 2). No changes in 27OH-Chol levels
were observed in cells infected with the control virus (Ad-
CMV+1).

HMGR protein levels increased significantly in HepG2 cells
following overexpression of CYP27A1 (45% increase; P ≤
0.006; Table 2). As previously observed, trends in HMGR spe-
cific activity correlated directly with trends in protein levels
(183% increase; P ≤ 0.02; data not shown). In cells infected
with Ad-CMV-StAR, HMGR protein levels were significantly
decreased (34% decrease; P ≤ 0.001; Table 2, Fig. 1). Select
studies performed in primary human hepatocytes also showed
a significant decrease in HMGR protein levels following over-
expression of StAR (Fig. 1). No change in HMGR protein or
specific activity was observed in cells infected with the control
virus (Ad-CMV+1).

LDLR mRNA levels were found to be increased (between
1.7- and 2.8-fold) in HepG2 cells following infection with both
Ad-CMV-CYP27A1 and Ad-CMV-StAR (P ≤ 0.001; Table 2).
No increase in LDLR mRNA was observed in cells infected
with the control virus, Ad-CMV+1. The increase in LDLR
mRNA levels was correlated with an 18–24% increase in
LDLR cholesterol uptake (P ≤ 0.001; data not shown). Signifi-
cant (P ≤ 0.01) increases in HDL cholesterol uptake were also
observed (10%; data not shown).

Although LDLR mRNA increased significantly (P ≤ 0.001),
HMGR mRNA (P ≤ 0.8) levels remained unaffected with in-
creasing CYP27A1 expression (Table 2). Furthermore, increas-
ing expression of CYP27A1 did not affect mature SREBP 1 or
2 protein levels (Fig. 2A, B). Overexpression of StAR protein,
however, repressed HMGR mRNA and protein levels (Table
2), changes that were correlated with the intracellular increase
in 27OH-Chol levels and the decrease in mature SREBP 2 pro-
tein levels (Fig. 2B).

To confirm that the HepG2 cell cultures were standardized
and responding as previously observed, we altered culture con-
ditions to those known to change mature SREBP 2 protein lev-
els. As previously observed, severely depleting cellular choles-

terol levels via the addition of LPDS and/or mevinolin (HMGR
inhibitor) significantly increased mature SREBP 2 protein lev-
els in HepG2 cells (Fig. 3A). Addition of micromolar concen-
trations of 27OH-Chol to cells maintained in LPDS resulted in
significant decreases in mature SREBP 2 protein levels (Fig.
3A). When 27OH-Chol + cholesterol (1:10 ratio) were added
to the cells, results similar to those stated above were observed
(data not shown). Selective studies showed that the above
changes in mature SREBP 2 protein levels were associated
with changes in HMGR protein (Fig. 3B) and LDLR mRNA
(Fig. 3C) levels. These findings are consistent with previously
described responsiveness to cholesterol depletion and oxysterol
addition (5,6).
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FIG. 1. HMGR protein levels in HepG2 cells and primary (1°) human
hepatocytes following infection with Ad-CMV-StAR. Representative
Western blot showing HMG-CoA reductase protein levels in HepG2
cells and 1° human hepatocytes following infection for 48 h with Ad-
CMV+1 or Ad-CMV-StAR. HMGR, HMG-CoA reductase; Ad, aden-
ovirus; CMV, cytomegalovirus; StAR,  steroidogenic acute regulatory
protein; kD, kilodalton.

FIG. 2. Western analysis: mature sterol regulatory element-binding pro-
tein (SREBP) 1 (A) and SREBP 2 (B) protein in HepG2 cells following in-
fection with Ad-CMV-CYP27A1 or Ad-CMV-StAR. Data are expressed
as percentage of controls (no virus; mean ± SE). No differences were
observed between hepatocytes receiving no virus and those infected
with control virus (Ad-CMV+1). CYP27A1, sterol 27-hydroxylase; for
other abbreviations see Figure 1.
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DISCUSSION

The metabolism of cholesterol to 27OH-Chol by CYP27A1 is
believed to play several roles in the maintenance of cholesterol
homeostasis. The oxidation of cholesterol not only decreases
cholesterol content but also drastically reduces the half-life of
the molecule, directing it toward more water-soluble and ex-
cretable metabolites, i.e., oxysterols and bile acids. Furthermore,
oxysterols are known activators/repressors of gene transcrip-
tion (5,6,9). In addition to their ability to aid in the solubiliza-
tion of lipids in the intestine and gall bladder, bile acids func-
tion as regulatory molecules, regulating the expression of hun-
dreds of genes through at least two well-described means:
activation of specific nuclear receptors (28–30) and of cell sig-
naling pathways (31–35).

In theory, increasing CYP27A1-mediated cholesterol me-
tabolism could lead to lower serum cholesterol levels in vivo.
This hypothesis is supported by baboon and mouse models in
which the females of the species have been shown to have
lower serum cholesterol in direct association with higher
CYP27A1 activity than their male counterparts. Preliminary
observations from our laboratory have shown that female mice
exhibiting lower serum cholesterol have not only higher
CYP27A1 activity but also increased levels of the mitochondr-

ial cholesterol transport protein, StAR (Pandak, W.M., and
Ren, S., unpublished data); these findings are supportive of the
hypothesis that an up-regulated acidic pathway initiated by mi-
tochondrial cholesterol delivery could play an important role in
cholesterol homeostasis.

Recent in vivo observations in knockout and transgenic
mouse models have not been entirely supportive of 27OH-Chol
as a regulatory oxysterol (36,37). Lack of a cerebrotendinous
xanthomatosis (CTX)-like phenotype in CYP27A1 knockout
mice has been used to support the belief that CYP27A1 is not
an important regulator of cholesterol homeostasis. However,
Honda et al. (38,39) have since shown that 25-hydroxylated
bile alcohols are more efficiently metabolized in Cyp27−/− mice
than in CTX patients, at least in part accounting for their lack
of a human-like phenotype. Interestingly, lower rates of bile
acid synthesis, higher rates of cholesterol synthesis, and in-
creased mortality due to feeding an atherogenic diet have been
observed in a Cyp27−/− strain (37). Additional studies in the
same strain showed a 40–45% increase in adrenal and liver
size, a 2.5-fold increase in whole body cholesterol synthesis,
decreased rates of bile acid synthesis, and a decrease in the bile
acid pool size (40). Therefore, although the classic human
CTX-like phenotype was not apparent in Cyp27−/− mice, these
observations demonstrated a phenotype supportive of a role for
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FIG. 3. Western analysis: Mature SREBP 2 protein, HMGR protein, and LDLR mRNA levels in HepG2 cells follow-
ing changes in culture media. Media conditions (see Methods): 10% FBS; mevinolin (Mev); 10% lipoprotein defi-
cient serum (LPDS); Mev + LPDS-containing media; and 27-hydroxycholesterol (27OH-Chol) + LPDS-containing
media. For other abbreviations see Figures 1 and 2.



the acidic pathway in the regulation of lipid homeostasis. In a
transgenic mouse model, CYP27A1 overexpression led to a
five– to ninefold increase in serum 27OH-Chol levels without
significant detectable changes in total serum cholesterol or
rates of cholesterol synthesis (36). Under these conditions, total
body cholesterol homeostasis appeared to be unchanged. How-
ever, as mentioned by the authors, changes in key regulatory
parameters in individual tissues were not determined. The lack
of predicted changes in cholesterol metabolism in this model
has yet to be adequately explained.

The design of this study differs from previous models at-
tempting to explore the regulatory role of CYP27A1. In con-
trast to previous in vitro trials in which 27OH-Chol levels were
increased by exogenous addition, this study was designed to
determine the transitory effects of increasing the delivery of
cholesterol to the mitochondria, and the effects of its subse-
quent metabolism. This model, in which intracellular choles-
terol is depleted through increased mitochondrial metabolism,
provided a unique opportunity to study the interplay between
cholesterol and acidic pathway metabolites in the regulation of
cholesterol homeostasis.

In the current study, compensatory changes in cellular cho-
lesterol homeostasis occur in HepG2 cells following an in-
crease in CYP27A1 activity as mediated via increased enzyme
expression and increased mitochondrial cholesterol transport.
More specifically, up-regulation of endogenous cholesterol me-
tabolism led to significant changes in LDLR mRNA levels and
uptake of LDL cholesterol. Whereas increased endogenous
cholesterol metabolism following increased CYP27A1 expres-
sion was also correlated with up-regulation of HMGR protein
and activity levels, the overriding inhibitory changes observed
in HMGR that occurred following StAR overexpression (i.e.,
increasing mitochondrial cholesterol transport) seemed to cor-
relate with the cell’s ability to increase intracellular 27OH-Chol
levels (Table 1).

Overexpression of both StAR and CYP27A1 increased cho-
lesterol metabolism as evidenced by a significant increase in
the rates of bile acid biosynthesis (Table 1). As expected, this
decrease in intracellular cholesterol concentration led to in-
creased LDLR gene transcription, as well as compensatory in-
creases in LDL cholesterol uptake. As shown previously and
again in this study (Fig. 3A–C), the addition of relatively high
(µM) concentrations of exogenous 27OH-Chol to HepG2 cells
led to a marked decrease in both the mature form of SREBP 2
and in LDLR mRNA. Interestingly, in the present study, with
nanomolar increases in endogenously generated 27OH-Chol
and decreases in mature SREBP 2 protein following StAR
overexpression, LDLR mRNA and LDL uptake increased in
HepG2 cells (Fig. 3). These changes support the presence of
additional cholesterol-responsive controls capable of regulat-
ing sterol-mediated LDLR gene transcription. These findings
and this hypothesis are not entirely original, as Makar et al.
(41) also found a potentially novel mechanism of regulating
LDLR gene transcription that appeared as sterol regulatory el-
ement-1 (SRE-1)-dependent and SREBP-independent in the
Jurkat T cell line. The findings of this study are also consistent

with those of Winegar et al. (42). Given these observations, it
is plausible to hypothesize that low levels of endogenously gen-
erated 27OH-Chol may elicit differing effects on cholesterol
homeostatic mechanisms from that of higher concentrations of
the same hydroxylated sterol or its metabolites. It is equally
plausible to suggest that under conditions where more physio-
logic levels of 27OH-Chol are present, in contrast to its effects
on HMGR, 27OH-Chol has little direct inhibitory effect on the
transcriptional/translational control of the LDLR.

SREBP 1 and 2 are regulators of multiple enzymes respon-
sible for the coordinated regulation of the biosynthesis of cho-
lesterol and FA. Changes in SREBP 2 regulation have been
found to closely follow changes in the mRNA levels of genes
encoding enzymes of cholesterol synthesis, whereas the regu-
lation of SREBP 1 seems to parallel more closely that of
mRNA levels for genes encoding enzymes for FA synthesis
(43). Not unexpectedly, given the interdependence of the cho-
lesterol and fatty synthesis pathways, a similar responsiveness
in SREBP 1 and SREBP 2 levels frequently has been observed
under many experimental conditions. A coordinated respon-
siveness in SREBP 1 and 2, however, was not observed in this
study. Of note is that HepG2 cells, like many cultured cells,
contain predominantly the more constitutive SREBP 1a iso-
form and not the more responsive SREBP 1c (43). Further-
more, although a weak activator of cholesterol synthesis,
SREBP 1c is primarily responsive for and activates genes re-
quired for FA synthesis. Therefore, in contrast to SREBP 2, a
sterol-responsive, relatively selective activator of genes of cho-
lesterol synthesis, it would not be surprising for SREBP 1 pro-
tein levels (i.e., predominance of SREBP 1a), as determined in
this study, to not be found significantly altered with the increase
in 27OH-Chol levels observed following StAR overexpression.
Therefore, the differences observed in the SREBP responsive
HMGR following CYP27A1 vs. StAR overexpression appear
to reflect an SREBP 2 response to the greater increase in
27OH-Chol levels seen following StAR overexpression. In
summary, these findings suggest the existence of additional
sterol responsive controls in the regulation of LDLR and in the
maintenance of cholesterol homeostasis. Furthermore, this
study suggests that mitochondrial cholesterol transport plays a
significant role in the regulation of cholesterol homeostasis and
could represent a target in the management of atherosclerosis
and hyperlipidemia.
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ABSTRACT: The susceptibility of major plasma lipoproteins to
lipoperoxidation was studied in relation to the FA composition of
their neutral and polar lipids in steers given PUFA-rich diets. Two
trials used, respectively, 18 (“sunflower” experiment, S) or 24 (“lin-
seed” experiment, L) crossbred Salers × Charolais steers. Each in-
volved three dietary treatments over a 70-d period: a control diet
(CS or CL diets) consisting of hay and concentrate, or the same diet
supplemented with oilseeds (4% diet dry matter) fed either as
seeds (SS or LS diets) or continuously infused into the duodenum
(ISO or ILO diets). Compared with control diets, ISO and ILO treat-
ments tended to decrease the resistance time of LDL and HDL
classes to peroxidation, mainly owing to the enrichment of their
polar and neutral lipids with PUFA. With diets SS and LS, sensitiv-
ity of major lipoprotein classes (LDL, light and heavy HDL) was
not affected because ruminal hydrogenation of dietary PUFA de-
creased their incorporation into lipoparticles. ISO and ILO treat-
ments induced a more important production of conjugated dienes
and hydroperoxides generated by peroxidation in the three
lipoprotein classes due to the higher amounts of PUFA esterified
in lipids of the core and the hydrophilic envelope of particles. The
production of malondialdehyde (MDA) increased in steers fed lin-
seed supplements, indicating that MDA production did not occur
with linoleic acid provided by sunflower oil supplements. Thus,
plasma peroxidation of PUFA generates toxic products in steers
fed diets supplemented with PUFA and can be deleterious for the
health of the animal  during long-term treatment.

Paper no. L9661 in Lipids 40, 1245–1256 (December 2005).

The FA composition of the diet plays a key role in disease pre-
vention and health in humans. Hence, a number of scientific au-
thorities have proposed recommendations regarding the intake
of total fat, saturated FA (SFA), monounsaturated FA (MUFA),
and n-6 and n-3 PUFA in the general population (1–3). Accord-
ing to these recommendations, the contribution of total fat and
SFA to dietary energy intake should not exceed 0.35 and 0.10
of total intake, respectively,  the PUFA/SFA ratio should be

close to 0.45, and the n-6 PUFA/n-3 PUFA ratio should be less
than 4 (3). However, the amounts of PUFA, and especially n-3
PUFA, ingested by most subjects are much lower than the rec-
ommended levels. These latter PUFA are only present in small
amounts in the diets of persons in most developed countries, be-
cause the consumption of lipids from fish, seed oils, and green
vegetables in the latter is considerably less than the consump-
tion of animal lipids (essentially milk and beef) (4).

Beef is generally characterized by a low intramuscular fat
content (5% of fresh tissue) where total FA are mainly repre-
sented by SFA and MUFA (47 and 42%, respectively) to the
detriment of PUFA (4%) (5). One of the most convenient
strategies to increase PUFA deposition in beef lipids is to pro-
vide a PUFA supplement to ruminant diets using oilseeds
(6–8). Moreover, PUFA concentrations in ruminant tissues can
be efficiently raised by feeding dietary PUFA that are physi-
cally protected from bacterial hydrolases and hydrogenases
present in the rumen (6,9).

However, before their deposition in muscle tissues, dietary
PUFA are absorbed by the small intestine and recycled in blood
mainly as TG-rich lipoprotein (TGRLP) particles. At this stage,
PUFA become preferential targets for the action of free radi-
cals that induce an oxidative stress. This type of stress is facili-
tated if an imbalance occurs between the respective amounts of
PUFA (which can be attacked by free radicals) and antioxidant
systems (involved in PUFA protection against free radicals). In
humans, such an oxidative stress is known to be influential in
pathological conditions such as cancer, cardiovascular diseases,
cataracts, and diabetes (1,4). Oxidatively modified LDL have
been identified as a key factor in the initiation and progression
of atherosclerosis (1,4). Conversely, HDL appear to have a pro-
tective effect through their ability to decrease the intensity of
lipid peroxidation in LDL (10). In the bovine, the susceptibil-
ity of lipoproteins to peroxidation is still unknown, especially
regarding HDL despite the fact that these particles represent
the main class of plasma lipoproteins (>80% of total lipopro-
teins) (11).

The aim of this study therefore was to determine the suscep-
tibility to lipid peroxidation of the main lipoprotein classes
(LDL, light and heavy HDL) in fattening steers given PUFA-
rich diets. Thus, this work (i) compared the extent of the per-
oxidation process of PUFA in animals fed, respectively, n-6
PUFA (from extruded sunflower seeds) and n-3 PUFA (from
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extruded linseeds), and (ii) evaluated the efficiency of the pro-
tection of dietary PUFA against ruminal biohydrogenation ob-
tained by direct PUFA infusion into the proximal duodenum.

EXPERIMENTAL PROCEDURES

Animals and experimental diets. (i) “Sunflower” experiment. A
total of 18 crossbred Charolais × Salers steers (454 ± 20 d old;
live weight: 528 ± 36 kg) were assayed for an experimental pe-
riod of 70 d. To cope with experimental constraints and to mini-
mize the variability between animals, six groups of three ani-
mals were constituted (one of each diet) according to their ini-
tial live weight and their pre-experimental daily weight gain. In
each group, each of the animals was subsequently randomly as-
signed to one of three diets. These diets were either (i) a control
diet (Control Sunflower, CS; n = 6) consisting in 540 g natural-
grass hay and 460 g concentrate mixture per kg on a dry matter
(DM) basis. The average composition of the concentrate mix-
ture was 575 g corn seed, 240 g soybean meal, 120 g dehydrated

alfalfa, 20 g cane molasses, 25 g urea, and 20 g vitamin and min-
eral mixture per kg DM; (ii) a “sunflower seed” diet (SS, n = 6),
consisting in crushed sunflower seeds added to the control diet
(4% of diet DM); and (iii) an “infused sunflower oil” diet (ISO,
n = 6), consisting in the control diet supplemented with 4% (of
diet DM) of sunflower oil continuously infused into the proxi-
mal duodenum through a chronic cannula. The respective val-
ues for DM content and the FA composition of each of the three
diets are given in Tables 1 and 2, respectively.

(ii) “Linseed” experiment. For this purpose, a total of 24
crossbred Charolais × Salers steers (412 ± 33 d old; live weight:
536 ± 33 kg) were assayed during an experimental period of 70
d. In a design similar to that described for the “Sunflower” ex-
periment, eight groups of three animals were constituted accord-
ing to their initial live weight and pre-experimental daily weight
gain, and each animal in each group was then randomly as-
signed to one of three different diets. These diets were either (i)
a control diet (Control Linseed, CL; n = 8) consisting in 450 g
natural-grass hay and 550 g concentrate mixture per kg DM
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TABLE 1
Mean Dry Matter (DM) Concentration and DM Composition of Control Diets (CS and CL) or of the Same Control
Diets Supplemented with Extruded Sunflower Seed (SS) and Extruded Linseed (LS) or with the Corresponding
Sunflower Oil (ISO) or Linseed Oil (ILO) Directly Infused into the Proximal Duodenum

Sunflower experiment Linseed experiment

Diet CS SS ISO CL LS ILO

DM (g/kg feed) 915 917 918 915 925 919
Composition of DM (g/kg)

Organic matter 935 936 895 937 939 904
Net energy valuea 0.85 0.85 0.86 0.85 0.90 0.87
Crude protein 188 181 180 189 190 176
Lipid 36.7 73.6 70.2 40.7 75.3 79.1
FA 20.0 54.8 51.5 26.8 53.5 60.6

aFeed units for maintenance and meat production.

TABLE 2
FA Composition (wt% total FAME) of Diets and Mean Total FA Intake (g/d) in Fattening Steers Given Control
Diets or the Same Control Diets Supplemented with Extruded Sunflower Seed and Extruded
Linseed or with the Corresponding Sunflower Oil or Linseed Oil Directly Infused
into the Proximal Duodenuma

Sunflower experiment Linseed experiment

FA (%) CS SS ISO CL LS ILO

14:0 1.4 0.5 0.6 0.6 0.3 0.3
16:0 20.8 11.0 11.1 20.3 12.3 11.0
18:0 2.4 3.7 3.4 2.8 3.2 2.8
18:1 12.8 20.5 19.3 20.5 17.4 17.4
18:2n-6 30.2 52.2 52.0 37.7 25.0 22.8
18:3n-3 21.3 7.6 8.3 9.9 38.3 42.1
20:2n-6 2.5 0.8 0.8 2.2 0.9 0.8
20:3n-6 2.2 0.7 0.7 2.1 ND 0.8
22:5n-6 2.3 0.7 0.8 ND ND ND
Sum of

SFA 25.2 16.0 15.9 24.9 16.4 14.6
MUFA 14.9 21.2 20.4 21.0 17.7 17.7
n-6 PUFA 37.7 54.6 54.5 42.8 27.3 24.6
n-3 PUFA 22.5 8.2 9.1 11.8 39.2 42.8

Mean total FA intake (g/d) 134 372 347 225 468 514
aSFA = saturated FA; MUFA = monounsaturated FA; ND = not detectable; for other abbreviations see Table 1.



whose composition was the same as the one used in the “Sun-
flower” experiment; (ii) a “linseed” diet (LS, n = 8), consisting
in extruded linseed added to the control diet (4% of diet DM);
and (iii) an “infused linseed oil” diet (ILO, n = 8), consisting in
the control diet supplemented with 4% (of diet DM) linseed oil
continuously infused into the proximal duodenum through a
chronic cannula. The respective DM content and FA composi-
tion of these three diets are given in Tables 1 and 2, respectively.

In both experiments, during the pre-experimental period (1
mon), the animals received a basal diet composed of a 50% nat-
ural-grass hay and 50% concentrate mixture. Diets were for-
mulated weekly to meet protein and energy requirements as
well as feed intake capacity of growing animals, using the “IN-
RAtion” micro computer program (12).

During the first week of the experiment, animals given SS,
LS, ISO, and ILO diets were adapted progressively to lipid sup-
plements using diets containing 2% of DM as lipids. To deter-
mine separately the effect of the lipid supplement, steers as-
signed to ISO and ILO diets received sunflower and linseed
meals in amounts equal to those provided by the corresponding
seeds in diets SS and LS.

In both experiments, the three animals in each group were
managed in pair-feeding conditions to reach a daily weight gain
of 1.0–1.2 kg.

Isolation of plasma lipoprotein classes. At the end of the ex-
perimental period (day 70) and immediately before the morning
meal, blood samples (500 mL) were collected from the jugular
vein on Na2-EDTA, Na-azide and merthiolate (final concentration
3 mM, 0.01%, and 0.001%, respectively). Plasma was separated
by centrifugation at 600 × g for 10 min at 15°C. Na2-EDTA was
then added to the plasma at a final concentration of 0.1 g/mL to
stop the peroxidation processes that may have been initiated dur-
ing manipulation. TG-rich lipoproteins (TGRLP) were then iso-
lated from plasma by ultracentrifugal flotation at the density limit
(d < 1.006  g/mL) defined for the bovine by Bauchart et al. (13).
Ultracentrifugation was performed in a Centrikon T-2060 ultra-
centrifuge equipped with the TFT 38-70 fixed-angle rotor (Kon-
tron Analysis Division, Zurich, Switzerland). Since the resulting
bottom fractions (i.e., plasma samples deprived of TGRLP) could
not be treated immediately, these were stored in the dark at −20°C
under a nitrogen flux until subsequent treatment and analysis.

Isolation of major lipoprotein classes, i.e., LDL (1.019 < d
< 1.060 g/mL), light HDL (1.060 < d < 1.091 g/mL), and heavy
HDL (1.091 < d < 1.180 g/mL), was performed as follows: the
d < 1.006 g/mL centrifugation bottom fractions were thawed at
4°C in the dark and submitted to a sequential ultracentrifugal
flotation according to the density limits defined by Bauchart et
al. (13). Lipoprotein fractions were then dialyzed in the dark at
4°C in a 200-fold volume of degassed 0.01 M PBS (pH 7.4)
changed every 12 h for 36 h. To discard free radicals, dialysis
membranes were previously incubated for 15 min in a boiling
solution of 27 mM Na2-EDTA and then rinsed in distilled
water. Since dialysis treatment had suppressed Na-EDTA, dia-
lyzed lipoproteins (without any additional antioxidant sub-
stances) were used immediately for the measurement of their
relative susceptibility to lipoperoxidation.

Kinetics of conjugated diene (CD) generation by PUFA per-
oxidation. The susceptibility of plasma lipoproteins to peroxi-
dation was first determined by monitoring the kinetic parame-
ters of CD generation. These CD were produced, following in-
duction of the peroxidation process using copper salts,
according to the method of Esterbauer et al. (14) and adapted
to bovine samples by Scislowski et al. (15) using data reported
by Ziouzenkova et al. (16). Therefore, FA oxidation in each
lipoprotein class, previously diluted in degassed PBS (0.25
mg/mL), was induced at 37°C by a freshly prepared 5 µM
aqueous copper chloride solution. Absorbance of CD was con-
tinuously recorded at 234 nm using a Uvikon 923 double-beam
spectrophotometer (Kontron Analysis Division). The kinetics
of CD generation was divided into three phases from which
three parameters were calculated as described by Esterbauer et
al. (14): (i) length of the lag phase (Lp) corresponding to the re-
sistance time of PUFA against oxidation, (ii) maximal rate of
peroxidation (Rmax) during the propagation chain reaction, and
(iii) maximal amount of CD (CDmax) accumulated at the end
of the propagation phase. Rmax and CDmax values were ex-
pressed in nmol CD/min/mg lipoprotein and in nmol CD/mg
lipoprotein, respectively, by using the value of 29,500 M-1 cm-

1 for the molar absorptivity of CD at 234 nm as calculated by
Esterbauer et al. (14).

Kinetics of lipoperoxides (LPO) and TBARS generated by
PUFA peroxidation. Lipoproteins diluted in degassed PBS
(1.5 mg/mL) were incubated for 12 h at 37°C with a freshly
prepared 5 µM aqueous copper chloride solution. One milli-
liter of oxidized lipoprotein fraction was collected every hour,
and the oxidation chain reaction was stopped by adding 0.27
mM Na2-EDTA. Each fraction was maintained in the dark at
4°C until analysis for total LPO and malondialdehyde
(MDA).

LPO assay. LPO were determined according to the method
of El-Saadani et al. (17). Briefly, 100 µL of the oxidized
lipoprotein solution was mixed with 1 mL of the iodide color
reagent and then kept 30 min in the dark at ambient tempera-
ture before LPO determination at 365 nm. Concentration of
LPO was calculated using 24,600 M-1 cm-1 for the molar ab-
sorptivity of I3 at 365 nm.

TBARS assay. MDA production was measured as described
by Buege and Aust (18). Briefly, 500 µL of oxidized lipopro-
tein solution was mixed with 1 mL of reagent [15% TCA
(wt/vol); 0.375% thiobarbituric acid (wt/vol); 0.25 N hydro-
chloric acid] and then heated for 15 min in a boiling water bath.
After cooling and centrifugation at 1,200 × g for 10 min, the
concentration of MDA present in the supernatant was deter-
mined by spectrophotometry at 535 nm. TBARS were deter-
mined using a standard curve of MDA equivalents generated
by the acid hydrolysis of 1,1,3,3-tetraethoxypropane, as de-
scribed by Wallin et al. (19).

Lipid and protein analysis of lipoprotein classes. Concen-
trations of the different lipid classes [free cholesterol (FC), cho-
lesteryl esters (CE), TG, and phospholipids] of LDL and of
light and heavy HDL were determined enzymatically as previ-
ously described by Leplaix-Charlat et al. (20). Total cholesterol
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(TC) and FC were measured using the cholesterol reagent kit
supplied by Biotrol Diagnostic (Chennevières-lès-Louvres,
France). CE were then calculated using the following relation-
ship: (TC − FC) × 1.68. TG content was determined using the
reagent kit PAP 1000 (ref. A 00970; BioMérieux, Charbon-
nières-les-Bains, France). Phospholipids were determined by
the enzymatic method of Trinder using the 150 kit PAP (ref.
61491; BioMérieux). Total  polar lipids (PL) and neutral lipids
(NL) correspond to the sums of phospholipids + FC and TG +
CE, respectively.

Concentration of total protein in lipoprotein class was deter-
mined by the colorimetric method of the bicinchoninic acid
protein assay reagent (Pierce, Rockford, IL), as previously de-
scribed by Leplaix-Charlat et al. (20).

Chemical analysis of FA in PL and NL of lipoprotein
classes. Total lipids of LDL, light HDL and heavy HDL frac-
tions were extracted according to the method of Folch et al.
(21). Their two main components, phospholipids and neutral
lipids (CE and TG), were prepared from total lipids by semi-
preparative TLC using glass plates covered with delipidated
Kieselgel. Total FA were extracted from PL and NL and con-
verted into FAME according to the method described by
Bauchart and Aurousseau (22).

The FA compositions of PL and NL were determined by
GLC (Peri 2001; Perichrom, Saulx les Chartreux, France) with
a CP-Sil 88 glass capillary column (100 m length, 0.25 mm
i.d.). GLC conditions were as follows: oven temperature was
programmed for 70°C for 30 s, 70 to 175°C at a rate of
20°C/min, 175°C for 25 min, then 175 to 215°C at a rate of
10°C/min, and finally 215°C for 41 min; injector and detector
temperatures were 235 and 250°C, respectively; hydrogen was
the carrier gas (H2 flow: 1.1 mL/min) in conditions of split in-
jection (1:50). FA were identified by comparing their retention
times with those of FA standards (Supelco, St-Germain-en-
laye, Cedex, France). Chromatographic signals were analyzed
using the Winilab II software Chromatography Data System
(Perichrom).

The peroxidation index (PI) estimates the concentration of
bisallylic hydrogen atoms present in unsaturated FA. It thus
represents an index of the susceptibility of unsaturated FA to
oxidation. PI was calculated from the equation reported by
Nagyova et al. (23): PI = (% dienoic × 1) + (% trienoic × 2) +
(% tetraenoic × 3) + (% pentaenoic × 4) + (% hexaenoic × 5).

Statistical analysis. In both the sunflower and linseed experi-
ments, data concerning lipid and protein concentrations and
chemical FA composition of lipids in each lipoprotein class ob-
tained were analyzed in a simple factorial arrangement in a six
and eight randomized group design, respectively, by ANOVA
using the GLM procedure of SAS (24). When the diet effect was
declared statistically significant (P < 0.05), the respective means
of the three groups were compared using the Student’s t-test of
SAS. The same procedure was used to realize the statistical
treatment of values of parameters calculated by the CD method.

Data concerning LPO and TBARS production in the
medium, as determined every hour for 12 h, were used in re-
peated-measurements for each of the six and eight randomized

groups of animals, respectively. The statistical method was
ANOVA according to the GLM (generalized linear model) pro-
cedure of SAS (Cary, NC). When the main factors (diet effect
and time effect) were considered statistically significant (P <
0.05), treatment means were compared between the three
groups and/or between the kinetic points, respectively, using
the Student’s t-test of SAS. When the diet × time interaction
was statistically significant (P < 0.05), the significance of the
main factors was not taken into account, and treatment mean
values were compared for each kinetic point by the Student’s t-
test of SAS.

RESULTS

Lipoprotein analysis. (i) Sunflower experiment. In control
steers, total LDL (1.018 < d < 1.060 g/mL), light HDL (1.060
< d < 1.091 g/mL), and heavy HDL (1.091 < d < 1.180 g/mL)
accounted for 14, 54, and 28% of total plasma lipoproteins, re-
spectively (Table 3). With the SS diet (nonprotected n-6 PUFA
supplement), the respective plasma levels of LDL and light
HDL increased significantly (1.5× and 1.4×, respectively), but
the respective proportions of NL and PL remained constant in
the three lipoprotein classes.

As regards NL, the PUFA/SFA ratio increased by about 1.5×
in all three lipoprotein classes (P < 0.05) owing to the higher
proportion of n-6 PUFA (1.2× for LDL and light HDL, P <
0.05) and a concomitant decrease in SFA (−20%).

For its part, the PUFA/SFA ratio for PL remained approxi-
mately constant in both LDL and light HDL because the small
increase in n-6 PUFA was compensated by a parallel decrease
in n-3 PUFA (Table 3). Infusion of sunflower oil into the duo-
denum (ISO treatment) led to a large increase in the plasma
concentration of LDL (4.3×, P < 0.05) as well as in the value
of the PUFA/SFA ratio for NL (2–2.4×) in the three lipoprotein
classes. A similar increase in the PUFA/SFA ratio was noted in
PL in both LDL and heavy HDL (1.6×, P < 0.05) when com-
pared with that of control steers.

The value of PI tended to increase with diet SS and espe-
cially with the diet ISO, but the substitution of n-3 for n-6
PUFA minimized the enrichment of lipoparticles in double
bonds (Table 3).

(ii) Linseed experiment. As observed in the sunflower exper-
iment, administration of the linseed supplement (diet LS) in-
creased the respective plasma levels of two lipoprotein classes
(1.9× for LDL, P < 0.05; 1.5× for light HDL, P < 0.05) (Table
4). We simultaneously observed an increased proportion of n-3
PUFA in NL (3× for LDL and light HDL, P < 0.05; and 2.3×
for heavy HDL, P < 0.05) and, to a lower extent, in PL of LDL
and light HDL (1.8×, P < 0.05). As with the n-6-rich dietary
supplement (diet SS), the n-3-rich diet provided by extruded lin-
seed (diet LS) decreased the SFA content in NL (−19%) and PL
(−9%) only in the LDL fraction (Table 4). This led to a decrease
of n-6 PUFA in NL (−25 to −30%) of the three lipoprotein
classes and also of PL of LDL and heavy HDL (−20%, P <
0.05). These changes in FA composition did not result in higher
PUFA/SFA values compared with the control (Table 4).
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As in the sunflower experiment, duodenal infusion of lin-
seed oil intensified the effects noted with the linseed treatment.
Higher levels of plasma lipoproteins were observed, especially
for LDL (4.6×, P < 0.05), in which NL and PL were intensively
enriched in n-3 PUFA (9× and 3.6×, respectively; P < 0.05) and
simultaneously depleted in SFA. This led to an important in-
crease of the PUFA/SFA ratio in NL of LDL (10×, P < 0.05)

and, to a lower extent, in the HDL fractions (2×, P < 0.05). A
similar increase of the PUFA/SFA ratio was noted in PL for all
lipoprotein classes (1.3×, P < 0.05) (Table 4).

Measured PI values were 1.2 times higher for the NL of all
lipoproteins in animals given extruded linseed (diet LS), and
were also 1.2 times higher in NL and PL of all lipoprotein
classes in animals given linseed oil by duodenal infusion.
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TABLE 3
Chemical Composition (mean wt%) and Concentration (mg/dL) of the Major Lipoprotein Classes Isolated from Plasma in Fattening Steers Fed
the Control Diet or the Same Control Diet Supplemented with Extruded Sunflower Seed or with the Corresponding Sunflower Oil Directly
Infused into the Proximal Duodenuma

CS SS ISO SEM P

LDL (1.018 < d < 1.060 g/mL)
Lipoprotein concentration (mg/dL plasma) 44a 66b 187c 7.42 0.0001
Neutral lipids (% total lipid) 38 38 38 0.64 NS
SFA 33.3a 26.0b 23.1b 0.5 0.0005
MUFA 15.7a 16.3a 7.6b 0.9 0.0162
n-6 PUFA 44.9a 52.8b 67.2c 1.1 0.0005
n-3 PUFA 5.7a 4.5a,b 1.9b 0.5 0.0463
PUFA/SFA 1.5a 2.2b 3.0c 0.1 0.0005
PI 65.1a 71.1a,b 76.5b 1.4 0.0389

Polar lipids (% total lipid) 31 32 34 0.59 NS
SFA 43.9 45.0 42.7 0.5 NS
MUFA 18.7a 18.8a 8.0b 0.3 0.0001
n-6 PUFA 24.6a 30.9b 47.1c 1.0 0.0002
n-3 PUFA 11.7a 4.9b 2.1b 0.9 0.0096
PUFA/SFA 0.8a 0.8a 1.2b 0.1 0.0017
PI 65.9a 44.2b 53.0a,b 2.8 0.0490

Light HDL (1.060 < d < 1.091 g/mL)
Lipoprotein concentration (mg/dL plasma) 168a 230b 309c 4.81 0.0001
Neutral lipids (% total lipid) 34 35 37 0.44 NS
SFA 17.1a 13.6b 11.6b 0.6 0.0253
MUFA 19.8a 15.6b 5.7c 0.5 0.0001
n-6 PUFA 52.5a 64.2b 81.4c 1.1 0.0001
n-3 PUFA 10.1a 6.6b 1.4c 0.4 0.0003
PUFA/SFA 3.7a 5.3b 7.3c 0.3 0.0071
PI 86.1a 87.6a 99.4b 1.6 0.0278

Polar lipids (% total lipid) 31 30 32 0.55 NS
SFA 50.2 44.8 42.7 2.0 NS
MUFA 18.0a 18.9a 9.5b 0.5 0.0003
n-6 PUFA 24.0a 31.3a 46.1b 1.9 0.0086
n-3 PUFA 7.5a 4.5b 1.4c 0.5 0.0064
PUFA/SFA 0.7 0.8 1.1 0.1 NS
PI 44.6a 44.1a 50.7b 2.6 NS

Heavy HDL (1.091 < d < 1.180 g/mL)
Lipoprotein concentration (mg/dL plasma) 88 116 121 3.65 NS
Neutral lipids (% total lipid) 27 29 31 0.85 NS
SFA 22.6 17.7 14.3 2.2 NS
MUFA 16.0a 14.4b 7.0c 1.1 0.0321
n-6 PUFA 51.3a 58.2a 76.0b 2.3 0.0124
n-3 PUFA 10.1 9.7 2.7 1.6 NS
PUFA/SFA 2.8 4.3 6.7 0.8 NS
PI 84.5 94.2 93.1 6.3 NS

Polar lipids (% total lipid) 27 25 25 0.72 NS
SFA 49.3a 43.7b 41.1b 0.7 0.0057
MUFA 17.5a 19.9b 9.8c 0.4 0.0002
n-6 PUFA 26.6a 29.2b 45.9c 0.7 0.0001
n-3 PUFA 6.3 7.0 3.1 1.0 NS
PUFA/SFA 0.7a 0.8b 1.2c 0.1 0.0008
PI 47.0 52.6 54.7 3.0 NS

aResults are expressed as mean ± SEM. a,b,cValues with different superscripts differ significantly (P < 0.05). PI, peroxidation index; NS, not significant; for
other abbreviations see Tables 1 and 2.



CD generated by PUFA peroxidation in lipoproteins. (i)
Sunflower experiment. In animals receiving the SS diet, the
length of the lag phase (Lp) observed for light and heavy HDL
tended to decrease [−25%, not significant (NS)] compared with
the control group (Table 5), whereas the oxidation rate (Rmax)
increased by about 1.4× in the two HDL subclasses (P < 0.05).

The maximum amount of CD generated (CDmax) tended to in-
crease in HDL and decrease in LDL, although these changes
did not reach statistical significance. With the ISO diet, the Lp
decrease in HDL was more pronounced (−45%, NS), and re-
spective increases in Rmax (P < 0.05) and in CDmax (NS) were
higher than those observed with the SS diet.
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TABLE 4
Chemical Composition (mean wt%) and Concentration (mg/dL) of the Major Lipoprotein Classes Isolated from
Plasma in Fattening Steers Fed the Control Diet or the Same Control Diet Supplemented with Extruded
Linseed or with the Corresponding Linseed Oil Directly Infused into the Proximal Duodenuma

CL LS ILO SEM P

LDL (1.018 < d < 1.060 g/mL)
Lipoprotein concentration (mg/dL plasma) 69a 129b 318c 23.7 0.0001
Neutral lipids (% total lipid) 41 41 42 0.80 NS
SFA 42.7a 34.5b 8.5c 1.2 0.0001
MUFA 9.0a 14.6a 2.8b 1.1 0.0046
n-6 PUFA 41.2a 31.1b 42.8a 1.4 0.0174
n-3 PUFA 5.0a 16.1b 44.9c 0.9 0.0001
PUFA/SFA 1.1a 1.4a 10.8b 0.4 0.0001
PI 63.3a 77.3b 142.4c 2.5 0.0001

Polar lipids (% total lipid) 27a 29b 31b 0.82 0.0026
SFA 43.8a 39.8b 37.4b 0.7 0.0098
MUFA 15.4a 21.7b 12.4a 0.9 0.0048
n-6 PUFA 34.0a 27.1b 30.9c 0.6 0.0052
n-3 PUFA 4.9a 8.9b 17.4c 0.6 0.0001
PUFA/SFA 0.9a 0.9a 1.3b 0.1 0.0004
PI 67.9a 68.1a 82.8b 1.7 0.0090

Light HDL (1.060 < d < 1.091 g/mL)
Lipoprotein concentration (mg/dL plasma) 195a 288b 352c 19.2 0.0001
Neutral lipids (% total lipid) 34a 36b 39c 0.80 0.0009
SFA 16.3 14.8 15.5 2.4 NS 
MUFA 8.3 10.5 5.7 1.0 NS
n-6 PUFA 65.0a 44.0b 40.7b 1.7 0.0005
n-3 PUFA 9.0a 27.9b 36.4b 2.1 0.0015
PUFA/SFA 5.0 5.4 9.3 1.5 NS
PI 98.2 114.4 126.5 4.7 NS

Polar lipids (% total lipid) 25 26 25 0.40 NS
SFA 43.0 39.9 39.3 0.9 NS
MUFA 16.0a 20.2b 12.4c 0.3 0.0001
n-6 PUFA 32.3 26.7 29.4 0.8 NS
n-3 PUFA 6.2a 10.8b 16.5c 0.3 0.0001
PUFA/SFA 0.9a 1.0b 1.2b 0.1 0.0192
PI 71.2a 74.4b 81.1b 0.7 0.0008

Heavy HDL (1.091 < d < 1.180 g/mL)
Lipoprotein concentration (mg/dL plasma) 111a 121a,b 149b 11.7 NS
Neutral lipids (% total lipid) 29 29 30 0.90 NS
SFA 18.8a 16.7a 12.1b 0.6 0.0046
MUFA 8.2a 10.8b 3.7c 0.4 0.0001
n-6 PUFA 59.7a 45.6b 41.7c 0.6 0.0001
n-3 PUFA 10.6a 24.9b 41.7c 0.9 0.0001
PUFA/SFA 3.8a 4.4a 7.1b 0.3 0.0036
PI 102.3a 116.3b 137.4c 1.7 0.0001

Polar lipids (% total lipid) 21 22 22 0.69 NS
SFA 41.4a 41.8a 37.1b 0.5 0.0048
MUFA 16.6a 20.5b 13.4c 0.5 0.0015
n-6 PUFA 32.5a 25.6b 30.0a,b 0.5 0.0006
n-3 PUFA 6.6a 9.5a 17.3b 0.6 0.0001
PUFA/SFA 1.0a 0.9a 1.3b 0.1 0.0006
PI 72.8a 70.4a 83.6b 1.3 0.0049

aResults are expressed as mean ± SEM. a,b,cValues with different superscripts differ significantly (P < 0.05). For abbrevia-
tions see Tables 1–3.



(ii) Linseed experiment. Similarly to the results obtained
with the SS diet, addition of linseed in the diet tended to de-
crease the Lp in LDL and light HDL (−12%, NS) compared
with the control diet (Table 6). Oil infusion increased the Rmax
in LDL (1.9×, P < 0.05) and light HDL (1.3, P < 0.05) and in-
creased by 1.2 the CDmax in the three lipoprotein classes (P <
0.05 in LDL and heavy HDL).

LPO generated by PUFA peroxidation in lipoproteins. (i)
Sunflower experiment. In control steers, production of LPO did
not increase in LDL during the 12 h of the peroxidation assay
(Fig. 1A). On the other hand, when steers were given extruded
sunflower seeds (diet SS), LPO production in LDL was 3.7 and
6 times higher than in control animals at T6 (P < 0.05) and at
T12 (P < 0.05), respectively. In animals given sunflower oil by
infusion into the duodenum, a higher production of LPO was

already noted at T2 in LDL (4×, P < 0.05) and continued to in-
crease at T12 (8.2×, P < 0.05) compared with control animals.
More pronounced effects of sunflower oil supplements were
shown in light HDL (Fig. 1B), but these effects were less
marked with heavy HDL (Fig. 1C).

(ii) Linseed experiment. In control steers, and as already
noted in the sunflower experiment, LPO production increased
only in heavy HDL at T12 (35 nmol LPO/mg HDL) (Figs. 1C,
2C). Contrary to what was observed in heavy HDL, production
of LPO in LDL (Fig. 2A) and in light HDL (Fig. 2B) increased
considerably (especially after T8), in animals given linseed oil
infused into the duodenum (ILO treatment) (P < 0.05 vs. con-
trol and LS animals).

TBARS generated by PUFA peroxidation in lipoproteins. (i)
Sunflower experiment. In LDL (Fig. 1D), light HDL (Fig. 1E),
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TABLE 5
Susceptibility of the Main Lipoprotein Classes to in vitro Copper-Induced Peroxidation in Fattening Steers Fed
Control Diet (n = 6) or the Same Control Diet Supplemented with Sunflower Seed (n = 6) or with
Sunflower Oil Infused into the Duodenum (n = 6)a

Sunflower experiment

CS SS ISO SEM P

LDL (1.018 < d < 1.060 g/mL)
Lp (min) 10.4 10.4 11.8 1.7 NS
Rmax (nmol CD/mg LDL/min) 1.3a 1.6a 3.5b 0.4 0.0028
CDmax (nmol CD/mg LDL) 63.0 55.3 82.9 9.8 NS
Light HDL (1.060 < d < 1.091 g/mL)
Lp (min) 16.4 11.6 9.9 3.1 NS
Rmax (nmol CD/mg LDL/min) 2.3a 3.4a 4.6b 0.5 0.0118
CDmax (nmol CD/mg LDL) 69.0 78.6 102.3 12.8 NS
Heavy HDL (1.091 < d < 1.180 g/mL)
Lp (min) 6.1 4.7 2.9 1.3 NS
Rmax (nmol CD/mg LDL/min) 2.4a 3.3b 4.0c 0.2 0.0025
CDmax (nmol CD/mg LDL) 75.9 80.6 98.7 13.3 NS
aResults are expressed as mean ± SEM. a,b,cValues with different superscripts differ significantly (P < 0.05). Lp, time of the
lag phase; Rmax, maximal rate of peroxidation; CDmax, maximum amount of conjugated dienes (CD); for other abbreviation
see Table 3.

TABLE 6
Susceptibility of the Main Lipoprotein Classes to in vitro Copper-Induced Peroxidation in Fattening Steers Fed
Control Diet (n = 8) or the Same Control Diet Supplemented with Linseed (n = 8) or with Linseed Oil
Infused into the Duodenum (n = 8)a

Linseed experiment

CL LS ILO SEM P

LDL (1.018 < d < 1.060 g/mL)
Lp (min) 12.5 10.7 10.0 2.1 NS
Rmax (nmol CD/mg LDL/min) 1.4a 1.5a 2.7b 0.2 0.0047
CDmax (nmol CD/mg LDL) 90.7a 90.7a 114.7b 6.2 0.05
Light HDL (1.060 < d < 1.091 g/mL)
Lp (min) 14.3 12.7 10.0 1.3 NS
Rmax (nmol CD/mg LDL/min) 2.6a 2.9a 3.5b 0.2 0.0112
CDmax (nmol CD/mg LDL) 96.8 95.3 114.1 6.6 NS
Heavy HDL (1.091 < d < 1.180 g/mL)
Lp (min) 5.3a 9.6b 6.2a,b 0.7 NS
Rmax (nmol CD/mg LDL/min) 2.1a,b 1.8a 2.3b 0.2 NS
CDmax (nmol CD/mg LDL) 70.0a 60.5a 84.4b 4.6 0.008
aResults are expressed as mean ± SEM. a,b,cValues with different superscripts differ significantly (P < 0.05). For abbrevia-
tions see Tables 1, 3, and 5.



and heavy HDL (Fig. 1F) classes, the time effect was signifi-
cant (P < 0.0001) indicating a production of TBARS (MDA)
during the 12 h of peroxidation with the three diets. On the
other hand, no significant differences resulting from adminis-
tration of the diets were noted in the three lipoprotein classes
although in LDL, the level of TBARS tended (treatment effect
P1 = 0.0913) to be higher with the SS diet compared with those
observed with the CS and ISO diets (Fig. 1D).

(ii) Linseed experiment. Generally, the effects of lipid sup-
plementation were more pronounced here than in the sunflower
experiment. In steers fed the control diet, production of
TBARS increased only in heavy HDL (Fig. 2F), a result con-
sistent with that already noted for LPO production (Fig. 2C).
In both LDL (Fig. 2D) and light HDL (Fig. 2E), the production
of TBARS increased considerably (5× at T12, P < 0.05) in ani-
mals given duodenally infused linseed oil. As regards heavy

HDL (Fig. 2F), PUFA peroxidation increased TBARS produc-
tion significantly only in the case of a comparison between the
LS treatment and the control diet (1.7× and 2.2× at T4 and T12,
respectively, P < 0.05).

DISCUSSION

The objective of this work was to determine how changes in the
lipid and FA composition of the main lipoprotein classes in fat-
tening steers given PUFA-rich diets can favor lipoperoxidation
processes in these particles. Part of the originality of this work
lay in the experimental protocol allowing comparison of the
metabolic effects of dietary PUFA provided by extruded oil
seeds (PUFA exposed to ruminal biohydrogenation) or by the
corresponding oils continuously infused into the proximal duo-
denum (PUFA totally protected from ruminal hydrogenation).
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FIG. 1. Production of lipoperoxides (nmol LPO/mg lipoprotein) (A, B,
and C) and TBARS (nmol TBARS/mg lipoprotein) (D, E, and F) for 12 h
following copper-induced lipoperoxidation of lipoparticles LDL, light
HDL, and heavy HDL, in fattening steers fed control diets (CS, ♦, n = 6)
or the same control diet supplemented with sunflower seeds (SS, n, n =
6) or with sunflower oil infused into the duodenum (ISO, s, n = 6). Re-
sults are expressed as mean ± SE and are analyzed by ANOVA for re-
peated measures. P1: treatment effect; P2: time effect; P3: treatment ×
time interaction. ∗ indicates statistically significant differences among
diets ISO and CS, and ?? indicates statistically significant differences
among diets SS and CS (P < 0.05) at a specific time point. 

FIG. 2. Production of lipoperoxides (nmol LPO/mg lipoprotein) (A, B,
and C) and TBARS (nmol TBARS/mg lipoprotein) (D, E, and F) for 12 h
following copper-induced lipoperoxidation of lipoparticles LDL, light
HDL, and heavy HDL, in fattening steers fed control diets (CL, uu, n = 8)
or the same control diet supplemented with linseed (LS, nn, n = 8) or
with linseed oil infused into the duodenum (ILO, ss, n = 8). Results are
expressed as mean ± SE and are analyzed by ANOVA for repeated mea-
sures. P1: treatment effect; P2: time effect; P3: treatment × time interac-
tion. ∗ indicates statistically significant differences among diets ILO and
CL and ?? indicates statistically significant differences among diets LS
and CL (P < 0.05) at a specific time point. 



Two experiments were conducted simultaneously, one using sun-
flower oil rich in n-6 PUFA and the other using linseed oil rich
in n-3 PUFA.

Resistance of bovine lipoproteins to lipoperoxidation. The
relative susceptibility of the major classes of lipoproteins to
lipoperoxidation can be efficiently compared in our animals by
in vitro induction of PUFA peroxidation using a copper salt and
subsequent kinetic analysis of CD production, as previously
described in humans by Esterbauer et al. (14). Determination
of the resistance time (lag phase) before the initiation of CD
production showed that duodenal infusion of n-3 PUFA de-
creased specifically the capacity of LDL and light HDL frac-
tions to resist the lipoperoxidation process, whereas infusion of
n-6 PUFA produced a similar effect exclusively in light and
heavy HDL. In both cases, such an alteration in the resistance
of lipoproteins to peroxidation was related to a higher content
in peroxidizable PUFA present in both PL and NL. Indeed,
such lipoprotein enrichments in PUFA probably led to an im-
balance between PUFA and antioxidant systems in favor of an
oxidative stress. Our results are in agreement with previous
data obtained in both humans (25) and rats (26) and show a
positive correlation between a higher sensitivity of LDL to per-
oxidation and a high PUFA content of their lipids. Conversely,
a strong negative correlation could be observed between the
lag time and the FA unsaturation index in LDL particles.
Shorter lag times previously were reported for LDL in humans
given a dietary long-chain n-3 PUFA supplement derived from
fish oil (27–30), an n-6 PUFA supplement from high-linoleic
safflower oil (31), or a diet supplemented with sunflower oil
(32). Finally, similar results were noted in rats given an n-6
PUFA supplement (33).

The higher resistance of lipoproteins to the peroxidation
process induced by copper salts observed in our steers given
seed compared with those receiving an oil infusion could
mainly be explained by the intense activity of biohydrogena-
tion of dietary PUFA (about 80 and 92% for linoleic and lino-
lenic acids, respectively) catalyzed by bacterial enzymes dur-
ing their transit in the rumen (34). Such an alteration of the di-
etary PUFA absorbable by the small intestine consequently led
to a minimal increase in the PUFA/SFA ratio of NL and/or PL,
thus explaining the low impact of such dietary supplements on
the susceptibility of lipoproteins to peroxidation.

A possible hypothesis to explain the lack of effect of the n-6
PUFA-rich diets on the resistance to oxidation of LDL parti-
cles is a selective distribution, in the different lipoprotein
classes, of α-tocopherol provided by sunflower seed supple-
ments (35). This hypothesis was in agreement with some char-
acteristics of the plasma transport of this lipophile antioxidant
as part of lipoproteins (36) and especially of the more lipid-rich
of these particles. Thus, in humans given a dietary safflower
oil supplement (rich in n-6 PUFA), plasma transport of α-to-
copherol was more associated with LDL and HDL2 (a counter-
part of bovine light HDL) than with HDL3 (a counterpart of
bovine heavy HDL) (31).

Moreover, we have shown that n-3 PUFA supplements, es-
pecially given to steers in unprotected form (linseed), resulted

in an unexpectedly higher resistance of heavy HDL to peroxi-
dation. Since n-3 PUFA are very sensitive to peroxidation
(29,30), this higher resistance of bovine heavy HDL suggests a
protective effect of antioxidants provided by linseed, which are
dominated by secoisolariciresinol diglycoside, a water-soluble
lignan (37). The high protein content of these HDL particles
(about 50%) probably favored lignan adsorption onto the HDL
envelope, but the mechanism by which this lignan would pref-
erentially protect heavy HDL against peroxidation is still un-
clear. The higher resistance of heavy HDL to peroxidation as-
sociated with the administration of a linseed supplement could
also be explained by an enrichment of PL and NL in MUFA
since a beneficial effect of these FA in LDL protection was
demonstrated in humans given an olive oil-based diet (38).

With all diets considered in the present experiment, bovine
heavy HDL appeared to be generally more sensitive to peroxi-
dation than LDL and light HDL particles, since the correspond-
ing lag phase duration was about two times shorter than that
noted in other lipoproteins. This higher sensitivity of bovine
heavy HDL to a pro-oxidant agent was previously observed in
human HDL3 (31). One may hypothesize that the different
physical characteristics of heavy HDL particles, such as their
smaller size (93–120 Å) compared with that of light HDL
(120–150 Å) and LDL (190–250 Å) (11) and/or the higher
rigidity of their hydrophilic envelope (39) plays a role. Such
physical characteristics would reduce their surface area avail-
able for the solubilization of lipophilic antioxidants (40) and
the solubility and the depth of penetration of antioxidants (41),
respectively. Consequently, copper ions bound to HDL parti-
cles appear to be more efficient in promoting peroxidation than
those bound to LDL (42). Finally, HDL are known to be the
major carriers of plasma lipid hydroperoxides (43), which con-
tribute to accelerate the initiation of peroxidation reactions via
the peroxyl and alkoxyl radical generation in response to cop-
per reduction.

Intensity of peroxidation reactions in bovine lipoproteins.
Our experiments clearly demonstrated that incorporation of di-
etary PUFA provided by an infusion of linseed oil or sunflower
oil favored production of LPO and MDA, products derived
from PUFA peroxidation, in bovine plasma lipoproteins. The
higher production of CD observed indicates an increased fre-
quency of collisions between the Cu-generated lipid radicals
and the surrounding PUFA in lipoproteins. Such a relation has
been already shown in humans fed sunflower oil (38). It was
then related to the value of the PI: This latter parameter indeed
accurately reflects the degree of unsaturation of FA and esti-
mates the concentration of bisallylic hydrogen atoms able to in-
teract with free radicals (23). This could explain why the pro-
duction of CD in lipoproteins tended to be higher in steers given
linseed oil (18:3n-3) than in steers given sunflower oil (18:2n-
6). Our results are in agreement with the previously shown
twofold higher peroxidizability of linolenate compared with li-
noleate (44). Conversely, the increase in the PUFA content of
lipids in lipoproteins of steers given extruded seeds was proba-
bly insufficient to increase FA peroxidizability in these lipopro-
teins, as already observed in humans fed safflower oil (31).
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Biochemical reactions involved in lipid peroxidation can
occur both in the hydrophilic envelope and in the hydrophobic
core of lipoproteins, thus leading to the generation of phospho-
lipid and CE hydroperoxides, respectively (41). Compared
with phospholipids, CE are physically more susceptible to per-
oxidation because of their localization in the inner core of
lipoproteins where a higher fluidity of lipids favors the propa-
gation of free radicals (45,46). This probably explains the
higher production of LPO observed in the light HDL of our
steers receiving oil infusions, a situation where lipoproteins
were enriched in CE exhibiting a high PUFA content. Simi-
larly, the higher rigidity of heavy HDL compared with LDL
and light HDL in steers (39) can, at least partly, explain the
lower production of LPO in these particles.

Lipid peroxidation in lipoproteins is known ultimately to
generate various aldehydes, including MDA, arising from the
cleavage of LPO (47). In our steers assigned to duodenal infu-
sion of linseed oil (rich in 18:3n-3), the TBARS test revealed a
high production of MDA during LDL and light HDL peroxida-
tion. A similar phenomenon was observed with duodenal infu-
sion of sunflower oil (rich in 18:2n-6), despite a higher produc-
tion of LPO in this latter situation. Such a discrepancy between
the consequences of the peroxidation of n-6 and n-3 PUFA in
bovine lipoproteins, already reported for human LDL (27), may
at least partly depend on the amount and the position of the
double bonds in the main FA of the dietary oil. Indeed, only
peroxidation of PUFA with more than two double bonds (such
as linolenic acid) can generate MDA since this product can be
produced only when the peroxidation reaction occurs on the
double bond in the β-position (48). Such a specificity of the
TBARS test indicates that MDA detection may erroneously
imply the lack of peroxidation reaction. Pertinent analysis of
lipid peroxidation reactions needs to take into account several
markers representative of each level of the process, which is
what we have done in this work.

From a physiological point of view, the higher sensitivity of
lipoproteins to the lipoperoxidation process observed in steers
given high-PUFA diets indicates for the first time that bovine fed
this type of diet may become more sensitive to the oxidative
shocks that can be induced by different key events of animal life
(reproduction, weaning, intensive growth, transport, slaughter)
(49). This higher peroxidizability of bovine lipoproteins implies
considerable alteration of the physicochemical properties of
lipoproteins (50) thus possibly inducing high cytotoxicity (51)
due to a defect in lipoprotein recognition by lipoprotein recep-
tors, affinity of peroxidized lipids for scavenger receptors in
macrophages (27), and a disturbing effect on cellular cholesterol
homeostasis (52). Peroxidative modifications of HDL particles,
which represent 80% of total lipoproteins in steers (11), may im-
pair their capacity to bind to cell receptors and reduce their ef-
fectiveness to promote cellular lipid efflux (53), thus consider-
ably impairing their role in reverse cholesterol transport.

Any injuries to cells and/or lipoproteins can alter various
animal functions such as fertility or growth rate and may have
negative consequences on bovine carcass and meat quality
(49). Thus, in the bovine, dietary PUFA-rich lipid supplements

must be administered in a form where these FA are totally pro-
tected against ruminal biohydrogenations, with a concomitant
dietary supplementation in antioxidant compounds to inhibit
free radical attacks of PUFA during their transport in blood by
lipoprotein particles.
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ABSTRACT: Recently, a number of inhibitors of the enzyme ox-
idosqualene cyclase (OSC; EC 5.4.99.7), a key enzyme in sterol
biosynthesis, were shown to inhibit in mammalian cells the mul-
tiplication of Trypanosoma cruzi, the parasite agent of Chagas’
disease. The gene coding for the OSC of T. cruzi has been cloned
and expressed in Saccharomyces cerevisiae. The expression in
yeast cells could be a safe and easy model for studying the activ-
ity and the selectivity of the potential inhibitors of T. cruzi OSC.
Using a homogenate of S. cerevisiae cells expressing T. cruzi
OSC, we have tested 19 inhibitors: aza, methylidene, vinyl sul-
fide, and conjugated vinyl sulfide derivatives of oxidosqualene
and squalene, selected as representative of different classes of
substrate analog inhibitors of OSC. The IC50 values of inhibition
(the compound concentration at which the enzyme is inhibited
by 50%) are compared with the values obtained using OSC of pig
liver and S. cerevisiae. Many inhibitors of pig liver and S. cere-
visiae OSC show comparable IC50 for T. cruzi OSC, but some
phenylthiovinyl derivatives are 10–100 times more effective on
the T. cruzi enzyme than on the pig or S. cerevisiae enzymes. The
expression of proteins of pathogenic organisms in yeast seems
very promising for preliminary screening of compounds that have
potential therapeutic activity.

Paper no. L9864 in Lipids 40, 1257–1262 (December 2005).

Sterols are eukaryotic membrane components that are neces-
sary to support cell growth and differentiation. Sterol biosyn-
thesis is a well-established chemotherapeutic target in patho-
genic eukaryotes, such as fungi (1,2). The final product of the
sterol biosynthetic pathway in fungi is the 24-alkyl sterol er-
gosterol. Ergosterol or similar 24-alkyl sterols are also the final
products of the sterol synthetic pathway of some pathogenic
protozoa including Trypanosoma species. These organisms
cannot completely substitute these sterols with the cholesterol
biosynthesized in host mammalian cells and need to synthesize
at least some of their own distinctive sterols (3–5). This depen-
dence on sterols suggests that sterol biosynthesis inhibitors
may be useful antiprotozoal drugs.

The sterol biosynthetic pathway (Fig. 1) offers many poten-

tial targets for therapeutic purposes. Many effective antifungal
drugs already in use act by inhibiting different enzymes of
sterol biosynthesis; the allylamine antifungal drug terbinafine
inhibits squalene epoxidase (6), and azole drugs such as keto-
conazole and itraconazole are inhibitors of lanosterol C14-
demethylase (7). The activity of these inhibitors can be ex-
plained as a consequence either of depletion of the ergosterol
or of accumulation of toxic intermediates or side products. In
addition to the antifungal activity, some of these compounds
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were shown to inhibit the growth of Trypanosoma and other
kinetoplastid parasites (8). Kinetoplastid parasites have also
been shown recently to be susceptible to inhibitors of squalene
synthase (9,10) and oxidosqualene cyclase (11,12).

The enzyme oxidosqualene cyclase (OSC; EC 5.4.99.7),
which catalyzes the formation of the first cyclic precursor of
sterols, is considered a good target for the inhibition of sterol
biosynthesis in both humans and fungi. Many inhibitors, de-
signed on the basis of the complex cyclization mechanism of
OSC (13), are active on the enzyme and have been investigated
as potential cholesterol-lowering or antifungal drugs (1,2,13).
The recent crystallization of human OSC as a complex with the

potent inhibitor RO48–8071 opens the way to new structure-
based studies of the cyclization mechanism (14).

We have designed and tested against mammalian and fun-
gal OSC many acyclic substrate analogs modified either to
mimic the high-energy carbocationic intermediates (com-
pounds 1–3 of Fig. 2) or to bear reactive functions able to in-
teract with the active site residues, as the methylidene (com-
pounds 4–8), vinyl sulfide (compounds 9, 12, 13, 16), conju-
gated vinyl sulfide (compounds 10, 11, 14, 15, 17),
hydroxysulfide (compound 19), or hydroxyphenyl derivatives
(compound 18) (15–20). OSC of different origins can have sig-
nificantly different susceptibilities to the inhibitors, showing
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FIG. 2. Squalene and 2,3-oxidosqualene derivatives tested as inhibitors of Trypanosoma cruzi
oxidosqualene cyclase.



the possibility of selective inhibition (19,20). Therefore, it
would be worth testing the activity of these inhibitors on the
OSC of the pathogen protozoon Trypanosoma cruzi, which re-
cently has been shown to be susceptible to pyridinium ion-
based inhibitors and to some umbelliferone aminoalkyl deriva-
tives (11,12). Trypanosoma cruzi, like other pathogenic proto-
zoa, is difficult to culture for an extensive, preliminary
screening of the many available, effective inhibitors of OSC.
Recently, the gene coding for the OSC of T. cruzi, a lanosterol
synthase, has been cloned and expressed in Saccharomyces
cerevisiae (21). The enzyme expressed in the yeast cells could
be a safe and easy model for a preliminary study of the activity
and the selectivity of the potential inhibitors of T. cruzi OSC.

In this paper we report the activity of different types of sub-
strate analogs as inhibitors of the T. cruzi OSC expressed in S.
cerevisiae cells. Basically, three types of inhibitors were stud-
ied: analogs of the carbocationic intermediates, as the aza-
squalenes (15,18); oxidosqualene derivatives bearing a conju-
gated methylidene group, designed as affinity-labeling in-
hibitors (16,22); and vinyl sulfide, and conjugated vinyl sulfide
derivatives of oxidosqualene, very effective inhibitors of yeast
OSC (17,19,20), (Fig. 2).

MATERIALS AND METHODS

Materials, substrates, and test compounds. All the components
of buffers and culture broths were obtained from Sigma-
Aldrich (Milan, Italy) unless otherwise specified.

The substrate of OSC, 2,3-oxidosqualene, was synthesized
as previously described (23). The labeled [14C]-(3S)2,3-oxi-
dosqualene was obtained through biological synthesis by incu-
bating a pig liver S10 supernatant with R,S[2-14C]mevalonic
acid (55 mCi/mmol, 2.04 GBq/mmol) (Amersham Pharmacia
Biotech, Buckinghamshire, United Kingdom), in the presence
of the OSC inhibitor U-14266A (24), as previously described
(19). [2-14C]Acetate (50 mCi/mol) was obtained from Amer-
sham Pharmacia Biotech. The synthesis of the inhibitors tested
(compounds 1–19 of Fig. 2) has been described elsewhere
(16,17,19,20,23,25,26). The identity and purity of inhibitors
was checked by TLC, 1H NMR and mass spectra before test-
ing the inhibition of T. cruzi OSC.

Strains of S. cerevisiae and culture conditions. SMY8pBJ1.21
strain, expressing the OSC of T. cruzi; SMY8pSM61.21, ex-
pressing the wild-type yeast OSC; and SMY8pSM60.21, ex-
pressing the Arabidopsis thaliana OSC obtained by transforma-
tion of lanosterol synthase mutant strain of S. cerevisiae SMY8
(MATα erg7::HIS3 hem1::TRP1 ura3–52-trpl-∆63 leu2–3.112
his3-∆200 ade2 Gal+) were kindly provided by Professor S.P.T.
Matsuda [Department of Chemistry and Biochemistry and Cell
Biology, Rice University, Houston, TX (21,27,28)]. All strains
were grown in a YPD culture broth (yeast extract 1%, peptone
2%, dextrose 2%) containing hemin (0.013 mg/mL) and ergos-
terol (0.02 mg/mL). Hemin had to be added to the growth
medium since the SMY8 strains contains a mutation
(hem1::TRP1) affecting heme biosynthesis. The presence of a

heme mutant background is necessary for the viability of lanos-
terol synthase mutants in aerobic conditions (27). OSC expres-
sion was induced in YPG broth (yeast extract 1%, peptone 2%,
galactose 2%) containing hemin (0.013 mg/mL). All strains were
preserved in 40% glycerol at –80°C.

Enzymatic assays. The activity of OSC was assayed in cell-
free homogenates obtained from cultures grown to late expo-
nential phase in YPG at 30°C. The cells were centrifuged at
3000 × g for 10 min and the homogenates prepared by lysing
the cell wall with lyticase (2 mg/g wet cells in 1.2 M sorbitol,
0.02 M KH2PO4, pH 7.4, for 60 min at 30°C). The spheroplasts
obtained after lysis were sedimented at 3000 × g for 10 min,
washed twice with 1.2 M sorbitol, 0.02 M KH2PO4 and ho-
mogenized with a Potter device in 10 mM MES/TRIS buffer,
containing 0.2 mM EDTA and 1 mM PMSF, pH 6.9. Proteins
in the homogenate were quantified with the Protein Assay Kit
SIGMA, based on the method of Lowry, modified by Peterson
(29). The homogenates could be used fresh or after storage at
–80°C for several months. The OSC activity was assayed by
incubating the homogenate in the presence of the labeled [14C]-
(3S)-2,3-oxidosqualene (1000 cpm) diluted with unlabeled
(R,S)2,3-oxidosqualene to a final concentration of 25 µM. Cold
and labeled substrates and inhibitors, when present, were added
as solutions in CHCl3 to test tubes in the presence of Tween-80
(0.2 mg/mL of final volume) and Triton X-100 (1 mg/mL of
final volume). The solvent was evaporated under nitrogen. The
substrate and inhibitors were dissolved in 50 µL of MES/TRIS
buffer, containing 0.2 mM EDTA, pH 6.9 and the amount of
homogenate necessary to obtain a 20% substrate transforma-
tion was added and diluted to a final volume of 250 µL buffer.
After 30 min of incubation at 35°C in plugged tubes, the enzy-
matic reaction was stopped by adding 1 mL of KOH in
methanol (10% wt/vol) and heating at 80°C for 30 min in a
water bath. After extracting with 2 mL of petroleum ether, the
solvent was evaporated and the extract was dissolved in a small
amount of CH2Cl2 and spotted on TLC plates (Alufolien
Kieselgel 60F254; Merck, Darmstadt, Germany) using n-hex-
ane/ethyl acetate (85:15, vol/vol) as developing solvent. The
conversion of the labeled substrate into labeled lanosterol was
analyzed by a System 200 Imaging Scanner (Hewlett-Packard,
Palo Alto, CA); the counts were collected for 5 min, and the
percentage of transformation was calculated by integration. For
the Km determinations different final concentrations of sub-
strate (1–200 µM) were used and the incubation times arranged
to obtain percentages of transformation not exceeding 10% (to
keep safely within the range of linear relationship between
product formation and time of reaction). The values of the en-
zymatic rate obtained at the different substrate concentrations
were fitted by a nonlinear regression method to the Michaelis–
Menten equation to calculate the Km (30).

IC50 values (the concentration of inhibitor that reduces the
enzymatic conversion by 50%) were calculated by nonlinear
regression analysis of the residual activity vs. the log of con-
centrations of inhibitors. The values in the table are the means
of two separate experiments each in duplicate.
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RESULTS

Inhibition of T. cruzi OSC in cell-free homogenate of
SMY8pBJ1.21 strain. To screen the inhibitors we used a ho-
mogenate of cells of the SMY8pBJ1.21 strain grown to late ex-
ponential phase. The T. cruzi OSC, known to partition between
the cytosolic lipid bodies and the microsomes (31), was highly
expressed in these cells. Detergents are needed to ensure the
access of the apolar substrate and inhibitors to the enzyme in
the lipid bodies and in the membranes and were used accord-
ing to previous experiences (15,16,32). The enzyme activity
was evaluated by radiometric scanning of thin-layer chromato-
grams of the organic extract of incubation mixtures. In our ex-
perimental conditions (plugged test tubes with no NADPH
added), the only labeled peaks detected corresponded to cold
standards of 2,3-oxidosqualene and lanosterol. No label was
found in the 4-desmethylsterol region.

The specific activity, expressed as nmol of lanosterol
formed, was 4 nmol/h/mg of proteins. The value of Km, calcu-
lated by a nonlinear regression method, was 66 ± 13.5 µM.

To check the reliability and suitability of this homogenate
for inhibition studies, we determined that the Km values of the
S. cerevisiae and A. thaliana enzymes expressed in the same
host were, respectively, 30 ± 14.2 and 91 ± 29.6 µM, in agree-
ment with the data reported for these enzymes using different
enzymatic preparations (33,34). Therefore, the OSC expressed
in transformed SMY8 cells have the same affinity for the sub-
strate previously determined and seem suitable for testing in-
hibitors and comparing the results with those previously ob-
tained with OSC of different origin.

All the inhibitors assayed, illustrated in Figure 2 and listed in
Table 1, are substrate analogs already tested on mammalian and
fungal OSC and were chosen as the more representative of dif-
ferent classes of compounds designed to inhibit OSC by differ-
ent mechanisms. Prior to testing the inhibition of T. cruzi OSC,
compound 1 was tested with the S. cerevisiae OSC expressed in
yeast, compounds 12 and 16 were tested with pig liver enzyme.
The IC50 values determined and found to be the same as those
reported in References 18 and 20, respectively.

Table 1 shows the IC50 values obtained with some aza and
methylidene derivatives of the substrate and with a series of
vinyl and conjugated sulfide derivatives of truncated oxi-
dosqualene. The activities are compared with those obtained
previously by using detergent-solubilized microsomes pre-
pared from pig liver and S. cerevisiae cells. The azasqualene
derivatives are the 2-aza-2,3-dihydrosqualene 1, its N-oxide 2,
and the 19-azasqualene 3 (25,26). The OSC of T. cruzi and of
pig liver are inhibited similarly by 2-aza derivatives 1 and 2,
but not by 19-aza derivative 3, which is a 30 times less effec-
tive inhibitor of T. cruzi enzyme. The methylidene derivatives
4, 6, 7, and 8 show comparable activities against the T. cruzi
and pig liver enzyme whereas compound 5 is five times less ef-
fective on T. cruzi OSC. As already observed for mammalian
enzyme, the isomers of inhibitor with the same configuration
as the substrate are at least 10 times more effective (16). The
presence of a vinyl function in position 2 as in the trans 2-

vinyl-2-oxido-1,1-bisnorsqualene 8, as already observed in pig
and S. cerevisiae OSC, is not effective for inhibition (18).

Compounds 9–19 of Table 1 are vinyl and conjugated sul-
fide derivatives of truncated oxidosqualene (17,19,20). The T.
cruzi OSC seems specifically inhibited by all the phenyl deriv-
atives tested, i.e., compounds 12, 16, 17, 18, and 19. The IC50
values for these derivatives are in the range 70–600 nM, or 10
to 100 times lower than the IC50 found in pig liver OSC. Fur-
thermore, the corresponding methyl derivatives 9, 13, 14, and
15, which are very active in pig and S. cerevisiae (19,20), are
less effective on T. cruzi OSC. The major difference is observed
with compound 9, showing, with T.cruzi, a 30 times larger IC50
than with S. cerevisiae. Compounds 13 and 16 were also tested
with the OSC of A. thaliana, expressed in the yeast strain
SMY8pSM60.21. The IC50 of both compounds were similar,
4.5 and 2 µM, respectively. IC50 of phenyl derivatives 12, 16,
17 and 19, tested with the OSC of S. cerevisiae expressed in a
SMY8-derived strain (SMY8pSM61.21) were in complete ac-
cordance with the data shown in Table 1, obtained previously
(18,20) with a wild-type S. cerevisiae (33).

DISCUSSION

We used a mutant strain of S. cerevisiae expressing the OSC of
the pathogen protozoon T. cruzi to test a series of OSC in-
hibitors, with the aim of determining the susceptibility of this
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TABLE 1
Inhibition of Trypanosoma cruzi OSC Expressed in SMY8pBJ1.21 Yeast
Strain by Aza, Methylidene, and Vinyl and Dienic Sulfide Derivatives
of Substrate Compared with IC50 Previously Obtained with OSC from
Pig Liver and Saccharomyces cerevisiae

IC50 (µM)b

OSC OSC OSC
Compounda T. cruzi Pig liverc S. cerevisiaec

1 0.8 0.15 10.0
2 4.0 3.3 16.0
3 50.0 1.7 35.0
4 5.5 3.5 1.5
5 100.0 20.0 15.0
6 2.0 4.0 5.0
7 0.2 0.4 1.0
8 100.0 100.0 50.0
9 1.7 1.0 0.05

10 >100 1.2 0.4
11 >100 1.0 0.9
12 0.09 7.0 1.0
13 18.0 5.0 1.5
14 12.0 3.6 6.0
15 10.0 2.6 2.0
16 0.07 7.0 10.0
17 0.6 20.0 12.0
18 0.15 9.0 >100
19 0.5 7.5 40.0
aFor structures of these compounds see Figure 2.
bValues are the means of two separate experiments, each with duplicate in-
cubations. The maximal deviations from the mean were less than 10%.
cSee References 16–20. OSC, oxidosqualene cyclase; IC50, inhibitor con-
centration reducing enzymatic activity by 50%.



enzyme to different types of OSC inhibitors and possibly iden-
tifying specific inhibitors. OSC can be considered a promising
target to inhibit the multiplication of pathogenic microbes, but,
unlike some targets for sterol inhibition, such as ∆24 methyl
transferase, OSC also is present in the mammalian cells. Speci-
ficity for the pathogen enzyme is consequently an important
prerequisite for inhibitors.

We have tested 19 inhibitors, selected as representative of
different classes of inhibitors. The azasqualene derivatives,
which were designed as analogs of the high-energy carboca-
tionic intermediates generated at C-2 after the opening of the
oxiranic ring, or at C-19, after the closure of the fourth ring,
have been well studied as inhibitors of mammalian and fungal
OSC (15,25,26). From the comparison of the IC50 obtained
with the T. cruzi and with the pig and S. cerevisiae OSC, these
compounds do not show specificity for the T. cruzi enzyme,
probably because the mechanism of the initial step of the cy-
clization is very conserved in all the OSC (13). The closure of
the last ring and the rearrangement are probably differently
controlled in different OSC, as the 19-aza-derivative is very ac-
tive only against pig liver OSC. The 29-methylidene deriva-
tives 4–7, previously shown to be time-dependent inhibitors
(16,22), similarly lack specificity.

The most selective inhibition of T. cruzi OSC was found in
the series of vinyl-thio-derivatives. The design of these com-
pounds was based on the hypothesis that a partial cyclization of
these compounds in the active site of the enzyme, because of the
excellent properties of the sulfur in stabilizing the electron-defi-
cient α-carbon, owing to its good π- and σ-donor properties,
could generate carbocationic intermediates that were more sta-
ble and more able to interact strongly with nucleophilic amino
acid residues. Our previous results showed that a methyl sulfide
derivative, such as compound 9, is a very effective inhibitor of S.
cerevisiae OSC and a time-dependent inhibitor of pig OSC,
whereas phenyl sulfide derivatives, such as 16, 17, and 19, are
poor inhibitors of both pig and yeast OSC (17,19,20). The T.
cruzi OSC seems to be specifically inhibited by all the phenyl
derivatives tested (compounds 12, 16–19). On the basis of these
results, we initially speculated that the inhibition could be as-
cribed to specific π-π interaction of the aromatic derivatives with
the Tyr540 of T. cruzi (21), which in the other lanosterol syn-
thases is substituted for a conserved threonine residue. A tyro-
sine is conserved at this position in cycloartenol synthase
(35,36), the plant enzyme converting oxidosqualene into cy-
cloartenol, the precursor of plant sterols. The type of amino acid
present in this position seems catalytically relevant for determin-
ing the final product of cyclization. Mutagenesis experiments
have shown that the T/Y substitution causes a loss of accuracy
in determining the final product of cyclization. A S. cerevisiae
T384Y mutant produces substantial amounts of parkeol and
lanost-24-ene-3β,9α-diol in addition to lanosterol (35), and the
Y410T mutant of A. thaliana does not form cycloartenol, but
rather lanosterol and 9β-lanosta-7,24-dien-3β-ol (36). To test the
hypothesis that Tyr540 determines inhibitor specificity, we stud-
ied the inhibition of compounds 13 and 16 using a homogenate
of a SMY8pSM60.21 strain expressing the OSC of A. thaliana.

In contrast to our hypothesis, both the methyl and the phenyl de-
rivatives showed similar IC50, respectively, 4.5 and 2 µM. There-
fore, the specificity of the aromatic derivatives for the T. cruzi
OSC may result from more complex differences between the two
active sites, allowing different interactions with the inhibitors
and possibly relating to the mechanism of control of the re-
arrangement and of the formation of the final product (37).

In conclusion, our results show that the homogenate of a
yeast strain expressing enzymes of pathogenic organisms can
be used for a preliminary screening of compounds potentially
active against eukaryotic pathogenic organisms in totally safe
conditions. The aromatic vinyl-thio-derivatives of the substrate
of OSC are very promising candidates for the inhibition of
sterol biosynthesis in T. cruzi and possibly related pathogens,
and could also be considered as models for the design of new
inhibitors.
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ABSTRACT: The lipids of three gram-negative bacteria, Acineto-
bacter calcoaceticus, Marinobacter aquaeolei, and Pseudomonas
oleovorans grown on mineral media supplemented with ammo-
nium acetate or hydrocarbons, were isolated, purified, and their
structures determined. Three pools of lipids were isolated accord-
ing to a sequential procedure: unbound lipids extracted with or-
ganic solvents, comprising metabolic lipids and the main part of
membrane lipids, OH−-labile lipids (mainly ester-bound in the
lipopolysaccharides, LPS) and H+-labile lipids (mainly amide-
bound in the LPS). Unsaturated FA composition gave evidence
for an aerobic desaturation pathway for the synthesis of these
acids in A. calcoaceticus and M. aquaeolei, a nonclassic route in
gram-negative bacteria. Surprisingly, both aerobic and anaerobic
pathways are operating in the studied strain of P. oleovorans. The
increase of the proportion of saturated FA observed for the strain
of P. oleovorans grown on light hydrocarbons would increase the
temperature transition of the lipids for maintaining the inner
membrane fluidity. An opposite phenomenon occurs in A. cal-
coaceticus and M. aquaeolei grown on solid or highly viscous
C19 hydrocarbons. The increases of FA < C18 when the bacteria
were grown on n-nonadecane, or of iso-FA in cultures on iso-
nonadecane would decrease the transition temperature of the
lipids, to maintain the fluidity of the inner membranes. Moreover,
P. oleovorans grown on hydrocarbons greatly decreases the pro-
portion of β-hydroxy acids of LPS, thus likely maintaining the
physical properties of the outer membrane. By contrast, no dra-
matic change in hydroxy acid composition occurred in the other
two bacteria.

Paper no. L9810 in Lipids 40, 1263–1272 (December 2005).

Most microorganisms adapt their membrane lipid composition
to environmental changes, such as temperature stress or con-
tact with organic substances, so as to keep the membrane fluid-
ity at a constant value (1,2). To stabilize the fluidity of the
membranes (a phenomenon known as homeoviscous adapta-
tion)  (3), there are two main mechanisms in bacteria: a cis-
trans isomerization of unsaturated FA (4–7) and the variation
of the saturated to unsaturated FA ratio (8). Hence, growth of a
strain of the hydrocarbon-degrading bacterium Pseudomonas
oleovorans on octane induces the isomerization of cis monoun-
saturated FA into trans FA (5). This change in favor of FA ex-

hibiting higher m.p. counterbalances the decrease of the transi-
tion temperature of the membrane lipids induced by the inter-
calation of short-chain alkanes in the phospholipid bilayer.

The effect of hydrocarbons on the FA composition of phos-
pholipids in several hydrocarbon-degrading bacteria has been
investigated for many years (9–11). By contrast, little is known
about the influence of environmental changes on the composi-
tion of other bacterial lipids, such as lipopolysaccharides
(LPS), the major components of the outer leaflet of the outer
membrane of gram-negative bacteria. LPS consist of three do-
mains: an O-antigen polysaccharide attached to an amphiphilic
lipid A via a core oligosaccharide (12). Lipids A generally con-
tain four 3-hydroxy alkanoate residues attached to a glu-
cosamine disaccharide backbone, two via ester links and two
via amide bonds. Furthermore, alkanoic acids as well as 2-hy-
droxy or 3-hydroxy acids can be attached via ester bonds to the
hydroxyl groups of these hydroxy alkanoates. Recent work
with Marinobacter hydrocarbonoclasticus has shown that this
gram-negative bacterium can incorporate β-hydroxy acids de-
rived from the hydrocarbons fed to the organism into LPS so
long as their steric hindrance and geometry do not markedly
differ from those of 3-hydroxy-dodecanoic acid, the highly pre-
dominating hydroxy acid in LPS of this bacterium (13–15).

The aim of the present work was to determine the influence
of aliphatic hydrocarbons on the lipid composition of three
gram-negative bacteria: Pseudomonas oleovorans, which can
grow on medium-chain hydrocarbons,  C6 to C12 (16); Acine-
tobacter calcoaceticus (17,18), which degrades long-chain hy-
drocarbons,  C16 to C33; and M. aquaeolei, recently isolated
from a Vietnamese oil-producing well, which is known to de-
grade n-hexadecane and crude oils (19). This latter bacterium
belongs to a rapidly expanding genus whose species exhibit hy-
drocarbonoclastic properties (20–23).

As previously outlined (15), this type of study has geochem-
ical applications in evaluating the impact of hydrocarbon pollu-
tion on organic matter in sediments and in particular on the or-
ganic matter from prokaryotic origin. Hence, to apply the ana-
lytical procedure to sediments, which are often resistant to the
extraction of total lipids, a sequential extraction procedure lead-
ing to three lipid pools has to be used (13,24). A first extraction
of the dry cells with organic solvents affords the so-called un-
bound lipids that correspond to metabolic lipids and to the main
part of phospholipids, as recently demonstrated (15). At this
point of the protocol, LPS are not extracted from the bacterial
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biomass. To obtain the ester-bound (OH− labile) and amide-
bound (H+ labile) acids of LPS, which are the main lipoconju-
gates in gram-negative bacteria, basic and acid treatments of the
extracted biomass are performed successively.

EXPERIMENTAL PROCEDURES 

Chemicals. Silica gel (70–230 mesh) was from Merck Eurolab
(Lyon, France). FA standards were purchased from Sigma-
Aldrich (L’Isle d’Abeau, France) and Larodan (Malmö, Swe-
den). An etheral solution of diazomethane was prepared from
Diazald® (Sigma-Aldrich) according to an Aldrich procedure
(Technical Information Bulletin AL-180). Dimethyl disulfide
(DMDS) and pyrrolidine were from Merck (Darmstadt, Ger-
many).

n-Octane and 2-methyl-heptane (To avoid any confusion with
2,2,4-trimethyl-pentane, the iso-octane used for the definition of
octane number, the iso terminology is not used for 2-methyl-hep-
tane) were obtained from Acros (Noisy-le-Grand, France; purity
99%). n-Nonadecane was obtained from Fluka (L’Isle d’Abeau,
France; purity 99%). iso-Nonadecane was prepared by catalytic
hydrogenation of cis-2-octadec-7-ene (Lancaster, Bischleim,
France; purity 98%) in the presence of Rh/C 5% (Acros) in hep-
tane, and then purified as previously described (15).

Cultures. The bacteria investigated in this study were ob-
tained from the Culture Collection of Institut Pasteur (Paris,
France): A. calcoaceticus 66.33, M. aquaeolei 106100 T, and
P. oleovorans 59.11 T. Cells were grown at 25°C in 3-L Erlen-
meyer flasks containing 750 mL of an appropriate culture
medium supplemented with ammonium acetate (4 g/L) or hy-
drocarbons (1 g/L). For M. aquaeolei, a synthetic seawater
medium was used (14); P. oleovorans (25) and A. calcoaceti-
cus (9) were grown on mineral media. The tested hydrocarbons
were n-nonadecane and iso-nonadecane with M. aquaeolei and
A. calcoaceticus, and n-octane and 2-methyl-heptane with P.
oleovorans. The pH of each culture medium was adjusted to
7.5–7.8 before autoclaving. The growth was monitored by
measuring the O.D. at 450 nm with a Varian DMDS 90 UV-vis
spectrophotometer. The biomasses were harvested at the late
exponential growth phase by centrifugation at 12,000 × g for
15 min at 4°C, washed twice with 30 mL of synthetic medium,
and freeze-dried.

Isolation of lipids. The protocol used for the sequential ex-
traction of the lipids has been previously reported (15). Briefly,
the dry biomass was extracted with chloroform/methanol (2:1,
vol/vol), with stirring at room temperature. This extract was
transesterified at 0°C in methanol/KOH (0.1 M); then the reac-
tion mixture was acidified to pH 1 and extracted with diethyl
ether/heptane. The product was then purified using silica gel
column chromatography; a first elution with heptane furnished
the unmetabolized hydrocarbons, and elution with diethyl
ether/methanol (4:1, vol/vol) gave the unbound lipids. The
transesterification of the solvent-extracted biomass in
methanol/KOH 1 M under reflux furnished the OH—labile
lipids, and finally the acid hydrolysis of the residual biomass in
aqueous 4 M HCl under reflux gave the H+-labile lipids.

Derivatization and GC–MS. Generally, the treatment of
lipids by a methanol/KOH solution furnishes predominantly
methyl esters and variable proportions of FA. To complete the
esterification, the transesterified lipid fractions were treated by
an etheral solution of diazomethane, until the characteristic yel-
low color of diazomethane persisted. Acids released by acid
hydrolysis were esterified in a similar way by diazomethane.
Alcohols and hydroxy acid methyl esters were analyzed as
trimethylsilyl (TMSi) ethers (26). A standard of iso-C19 pri-
mary fatty alcohol was prepared by reduction of the corre-
sponding FAME with LiAlH4 as previously described (15).
DMDS adducts were prepared by an I2 reaction (27), and N-
acyl pyrrolidides were prepared by direct treatment of methyl
esters with pyrrolidine/acetic acid (28). Cis- and trans-isomers
of monounsaturated FA were identified via their threo- and ery-
thro-DMDS adducts, respectively, considering that the deriva-
tive from a cis-isomer elutes first on GC columns containing
nonpolar phases (29). Lipids were analyzed by GC–MS (70
eV) with a Hewlett-Packard HP 6890 gas chromatograph cou-
pled with an HP 5973N mass spectrometer (Agilent Technol-
ogy). The chromatograph was equipped with a J&W Scientific
(Massy, France) DB-5MS fused-silica column (30 m × 0.25
mm) coated with 95% polydimethylsiloxane and 5% phenyl-
siloxane (film thickness 0.25 µm). The temperature program
was from 100 to 300°C (4°C/min).

RESULTS

Quantitative data. In the three bacteria, the unbound lipids dom-
inated, ranging from 59 (P. oleovorans grown on n-octane) to
75% (A. calcoaceticus grown on ammonium acetate or iso-non-
adecane, and M. aquaeolei grown on iso-nonadecane) of total
lipids, whereas the OH−-labile lipids varied between 14 (A. cal-
coaceticus grown on ammonium acetate) and 27% (P. oleovo-
rans grown on n-octane), and the H+ lipids varied between 4 (A.
calcoaceticus grown on n-nonadecane) and 16% (P. oleovorans
grown on 2-Me-heptane) of total lipids (Table 1).

Cultures of P. oleovorans. The compositions of the lipids
extracted from the cultures of P. oleovorans on ammonium ace-
tate, n-octane and 2-Me-heptane are listed in Table 2. Data in
Table 3 summarize the main trends observed for the distribu-
tion of FA in unbound lipids of P. oleovorans according to the
carbon source. FA highly predominated in the unbound lipids,
with even carbon-numbered compounds highly dominating in
the ammonium acetate and n-octane cultures. Culture on am-
monium acetate principally led to unsaturated FA (mainly n-
18:1(11c) and n-16:1(9c), whereas the cultures on n-octane and
2-Me-heptane mainly furnished saturated FA (Tables 2 and 3).
Moreover, oleic acid, n-18:1(9c) was abundant in the culture
on n-octane, but it was not detected in the culture on ammo-
nium acetate. Low proportions of cyclopropane FA and trans-
unsaturated FA were also detected.

In the OH−-labile lipids of the ammonium acetate culture,
saturated FA (n-12:0 dominant) and β-hydroxy acids (n-10:0
major) were dominant, whereas the β-hydroxy acids became
minor products in the cultures on hydrocarbons (Table 2).
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β-Hydroxy acids were markedly abundant in the H+-labile
lipid pool isolated from the culture on ammonium acetate, with
n-12:0 dominant and low amounts of its higher (n-13:0 and n-
14:0) and lower (n-10:0 and n-11:0) homologs. Their propor-
tions decreased in the cultures on n-octane and 2-Me-heptane.
In the cultures on hydrocarbons, appreciable proportions of FA,
mainly saturated (palmitic acid dominant), were present.

Cultures of A. calcoaceticus. Data concerning the cultures of
A. calcoaceticus on ammonium acetate, n-nonadecane, and iso-

nonadecane are listed in Table 4. The FA, β-hydroxy acids (n-
12:0 excepted), and fatty alcohols present in the unbound lipids
appeared to relate rather well to the structure of the carbon
source, with straight-chain compounds (acetate and n-nonade-
cane), or iso (on iso-nonadecane), and even-numbered (on ace-
tate) or odd-numbered (on n- and iso-nonadecanes) predominat-
ing (Table 5). For instance, whereas FA of the ammonium ace-
tate culture were mainly composed of n-18:1(9c), n-16:1(9c),
and n-16:0, those predominating in the iso-nonadecane culture
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TABLE 1
Abundance of Lipid Pools Isolated from Acinetobacter calcoaceticus, Marinobacter
aquaeolei, and Pseudomonas oleovorans Cultivated on Different Carbon Sources

Bacteria/ Cell yielda Total lipids Lipid
Carbon sources (mg/L) (% of dry cells) Unbound OH−-labile H+-labile

A. calcoaceticus
CH3CO2NH4 853 2.8 75 14 10
n-C19H40 697 6.8 73 23 4
i-C19H40 352 6.2 75 18 7

M. aquaeolei
CH3CO2NH4 628 5.3 72 24 4
n-C19H40 319 7.0 67 25 8
i-C19H40 283 6.1 75 20 5

P. oleovorans
CH3CO2NH4 NDb ND 74 16 10
n-C8H18 ND ND 59 27 14
2-Me-C7H15 ND ND 61 23 16

aDry weight (free of nonmetabolized hydrocarbons).
bND, not determined owing to the presence of mineral salts in addition to the lyophilized cells.

TABLE 2 
FA, Hydroxy Acid, and Fatty Alcohol Compositiona of the Three Lipid Poolsb Isolated from P. oleovorans grown on CH3CO2NH4, and n-C8
and 2-Me-C7 Alkanes

Unbound OH−-labile H+-labile

Lipids CH3CO2NH4 n-C8H18 2-Me-C7H15 CH3CO2NH4 n-C8H18 2-Me-C7H15 CH3CO2NH4 n-C8H18 2-Me-C7H15

FA 97.6 88.7 85.9 60.1 88.9 85.9 5.3 25.9 26.0
Saturated FA 18.3 47.7 56.9 47.1 52.7 40.2 4.7 21.0 25.4
n-12:0 0.1 1.6 2.2 32.7 16.2 0.7 —c 0.1 0.6
n-16:0 15.7 27.9 27.3 11.8 22.0 23.7 2.2 9.8 14.8
n-17:0 0.1 1.1 7.9 0.6 0.4 8.5 0.2 0.8 1.6
n-18:0 1.8 9.0 6.9 1.1 1.7 4.1 1.3 5.1 3.8

Cyclopropane FA 6.0 3.6 2.1 0.7 1.4 3.5 — 3.2 —
17 Cycl (9,10) 4.8 2.4 1.5 0.5 1.0 2.6 — 2.1 —

Unsaturated FA 73.3 37.4 26.9 12.3 34.8 42.2 0.6 1.7 0.6
n-16:1(9c) 12.3 6.6 1.7 1.5 6.5 9.6 — 0.3 — 
n-16:1(9t) 3.1 0.3 0.1 0.7 3.4 2.4 — Trace —
n-17:1(9c) — Trace 7.0 — 0.2 7.9 — — —
n-17:1(9t) — — 0.6 — 0.1 0.2 — — —
n-17:1(8c) — — 7.3 — — Trace — — —
n-17:1(8t) — — 0.4 — — — — — — 
n-18:1(11c) 55.6 8.3 1.4 8.5 15.2 11.5 0.3 1.4 0.6
n-18:1(11t) 2.3 0.7 Trace 0.4 2.5 0.3 0.3 Trace —
n-18:1(9c) — 21.5 5.9 0.2 4.7 3.2 — — —

β-Hydroxy acids Trace Trace Trace 38.6 2.8 7.3 91.5 68.7 64.6
n-10:0 — — — 36.0 2.4 0.3 0.4 3.7 0.8
n-11:0 — — — — Trace Trace 0.3 0.6 Trace
n-12:0 Trace Trace Trace 2.6 0.4 7.0 90.0 63.8 61.0

Fatty alcohols 1.6 7.5 7.5 0.9 1.0 5.0 1.9 5.0 7.1
n-16:0,1-OH 0.8 5.3 5.0 0.4 0.6 1.3 1.0 3.1 4.0

Other 0.8 3.8 6.6 0.4 7.3 1.8 1.3 0.4 2.3
aOnly the compounds accounting for more than 5% in at least one pool, or those playing a role regarding metabolism or lipid adaptation are detailed.
bExpressed as the percentage of total lipids for the considered pool.
c—, not detected. For other abbreviations see Table 1.



were i-19:1(9) and i-17:0. On the whole, cultures on ammonium
acetate and n-nonadecane led to dominant straight-chain unsatu-
rated FA series, whereas the one on iso-nonadecane gave mainly
iso saturated FA series (Table 5). Moreover, the proportion of un-
saturated FA decreased after culturing on iso-nonadecane. Low
amounts of trans-unsaturated FA were only detected in the cul-
tures on n-nonadecane and iso-nonadecane (data not shown). In
bacteria grown on n-nonadecane, two C19 primary fatty alcohols
(a saturated and a monounsaturated, n-19:1(10),1-OH), and one
secondary (n-19:0,2-OH) were identified. By contrast, iso-non-
adecane furnished only two saturated primary fatty alcohols (i-
19:0,1-OH and 2-Me-18:0,1-OH).

In the OH−-labile lipids, short-chain n-FA predominated in
the ammonium acetate (n-12:0) and n-nonadecane cultures (n-
12:0 and n-11:0), whereas in the iso-nonadecane culture iso and
straight-chain series of saturated FA were equally represented.
Unsaturated FA related rather well to the structure of the car-
bon source. In both series of α- and β-hydroxy acids, n-12:0
predominated (Table 4). Variable amounts of higher (n-13:0
and n-14:0) and lower (n-10:0 and n-11:0) homologs were also
present and in rather substantial amounts in the case of the cul-
ture on n-nonadecane.

By contrast, β-hydroxy acids were highly dominant in the
H+-labile lipids, especially in the cultures on hydrocarbons,
whereas α-hydroxy acids became minor constituents. Fatty al-
cohols were important constituents of both OH−- and H+-labile
lipids from the acetate culture (n-16 and n-18 primary alcohols;
up to 34.9% of the H+-labile lipids), whereas they were side
products in the same pools of the cultures on hydrocarbons.

Cultures of M. aquaeolei. The compositions of the three
lipid pools isolated from the cultures on ammonium acetate, n-
and iso-nonadecane are shown in Table 6. FA highly dominated
the unbound lipids of the three cultures. In the unbound lipid
pool, the chemical structure of FA was rather well related to
that of the carbon source, as also observed for A. calcoaceti-

cus. In the ammonium acetate culture, the main FA were, in de-
scending order, n-16:0, n-18:1(9c), n-16:1(7c), and n-16:1(9c),
whereas in the culture on n-nonadecane they were n-17:0, n-
17:1(9c), n-15:0, and n-16:1(7c), and in the one on iso-nonade-
cane, i-17:0, n-18:1(9c), i-17:1(9), and i-15:0. In addition, a
minor series of midchain-branched FA structurally related to
the carbon source was also detected. It was composed mainly
of 10-Me-16:0 and 10-Me-18:0 (not shown in the table) FA in
the ammonium acetate culture, 10-Me-17:0 FA in the n-non-
adecane culture, and a mixture of midchain methyl-branched
derivatives of i-15:0, i-17:0, and i-19:0 FA in the iso-nonade-
cane culture. Moreover, unsaturated FA were in higher amounts
in the ammonium acetate culture than in those on hydrocarbons
(Table 7). Low amounts of alcohols derived from alkane oxi-
dation were present, with predominance of the saturated pri-
mary fatty alcohol. In addition, β-hydroxy acids structurally re-
lated to the fed alkanes were identified: 3-OH-n-19:0, or 3-OH-
i-19:0.

In the OH−-labile lipids, the straight-chain series dominated,
with n-12:0 FA dominant in the cultures on ammonium acetate
and iso-nonadecane, and n-17:0 in the culture on n-nonadecane
(Tables 6 and 7). β-Hydroxy acids were abundant in this pool,
with 3-OH-n-12:0 predominating in the culture on ammonium
acetate, and accompanied by variable proportions of some lower
and higher homologs. In the culture on iso-nonadecane i-13:0 β-
hydroxy acid was detected in low amount. Rather similar pro-
files of β-hydroxy acids were observed in the H+-labile lipids
(Table 6), except in the case of the culture on iso-nonadecane,
which furnished 3-OH-i-13:0 as the sole hydroxy iso-acid.

DISCUSSION

This study shows that the three gram-negative bacteria grow as
well as on straight-chain hydrocarbons as on iso-alkanes. The
growth of A. calcoaceticus and M. aquaeolei on iso-nonade-

1266 M. SOLTANI ET AL.

Lipids, Vol. 40, no. 12 (2005)

TABLE 3
Main Properties of FA from Unbound Lipids and Hydroxy Acids from Lipopolysaccharides
(LPS) in P. oleovorans in Relation to the Carbon Source

Lipidsa CH3CO2NH4 n-C8H18 2-Me-C7H15

ΣFA of unbound lipids (wt% of the pool) 98 89 86
Saturated n-FA 18 44 56
cis-Unsaturated n-FA 68 36 23
trans-Unsaturated n-FA 5 1 1
Even carbon-numbered n-FA 91 78 50
n-FA 92 82 83
iso-FA —b 2 1
Total unsaturated FA 73 37 27
Cyclopropane FA 6 4 2
Total FA > C16 66 44 42

β-Hydroxy acids in OH−-labile lipids
Total (wt% of the pool) 39 3 7
% of β-OH n-10:0 93 86 4

β-Hydroxy acids in H+-labile lipids
Total (wt% of the pool) 92 69 65
% of β-OH n-12:0 98 93 94

aIn this table, the compounds not detailed in Table 2 are taken into account.
b—, not detected. For other abbreviation see Table 1.



cane induced the production of very high proportions of iso FA,
in contrast to the culture of P. oleovorans on 2-Me heptane.
This ability of M. aquaeolei, in addition to the high efficiency
of M. hydrocarbonoclasticus, M. squalenivorans, and some
other Marinobacter species for degrading a wide range of hy-
drocarbons (15,21,23,30), emphasizes the remarkable adapta-
tion of the members of this genus for degrading hydrocarbons.
FA profiles of M. aquaeolei and A. calcoaceticus may become
typical of gram-positive bacteria, i.e., with high proportions of
branched FA (31), when they grow on iso-alkanes, as recently
shown with M. hydrocarbonoclasticus (15).

The presence of 10-methyl FA in the unbound lipids of M.
aquaeolei grown on ammonium acetate, previously detected in
a culture on a complex medium (19), confirms that these FA
can be no longer considered as characteristic of bacteria of the
genus Desulfobacter (32), nor as indicator of a hydrocarbono-
clastic activity when detected in sediments (11).

An important feature of A. calcoaceticus and of species of
this genus is the accumulation of wax esters when the bac-
terium is grown on nitrogen-deficient media (17,33). Wax es-
ters were not detected in unbound lipids, probably due to the
abundance of ammonium salts in the present culture media. In
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TABLE 4 
FA, Hydroxy Acid, and Fatty Alcohol Compositiona of the Three Lipid Poolsb Isolated from A. calcoaceticus Grown on CH3CO2NH4, and n-C19
and iso-C19 Alkanes

Unbound OH−-labile H+-labile

Lipids CH3CO2NH4 n-C19H40 i-C19H40 CH3CO2NH4 n-C19H40 i-C19H40 CH3CO2NH4 n-C19H40 i-C19H40

FA 89.4 95.3 97.3 50.1 46.3 37.8 10.4 1.3 1.5
Saturated FA 37.4 35.6 57.6 40.2 34.1 25.7 8.8 1.3 1.5
n-10:0 —c — — 1.2 5.3 — 0.3 — —
n-11:0 — — — — 7.1 — Trace — —
n-12:0 0.2 — — 24.5 12.6 8.4 1.4 — —
n-15:0 0.5 8.1 — 0.7 2.9 — 0.2 Trace —
i-15:0 — Trace 5.9 — — 2.5 — — —
n-16:0 34.8 2.8 2.4 9.4 1.1 3.8 5.6 0.4 1.5
i-16:0 — — 5.9 — — 1.2 — — —
n-17:0 0.1 23.1 — Trace 4.1 — 0.3 0.1 —
i-17:0 — Trace 41.1 — — 9.8 — — —

Unsaturated FA 52.0 59.7 39.7 9.9 12.2 12.1 1.6 — —
n-16:1(9c) 20.2 0.4 1.7 2.2 Trace 2.3 0.2 — —
n-17:1(9c) 0.4 17.7 — — 4.0 — — — —
n-17:1(9t) — 0.4 — — — — — — — 
n-17:1(8c) — 23.0 — — 3.7 — — — —
n-17:1(7) — 2.2 — — — — — — —
i-17:1(9c) — — 2.0 — — 0.3 — — —
i-17:1(9t) — — 0.2 — — — — — —
n-18:1(9c) 30.5 5.4 — 7.4 1.4 — 1.4 — —
n-19:1(9) — 5.7 — — 0.8 — — — —
i-19:1(9) — — 30.5 — — 8.1 — — —

α-Hydroxy acids — — 0.5 13.9 19.7 27.3 2.4 0.9 Trace
n-11:0 — — — — 1.2 Trace — Trace —
n-12:0 — — 0.5 13.9 17.0 26.9 2.4 0.9 Trace
n-13:0 — — — — 1.1 0.4 — Trace —

β-Hydroxy acids 0.2 0.2 0.2 20.4 31.6 30.8 50.4 93.8 95.9
n-11:0 — Trace — Trace 5.9 0.4 — 1.5 —
n-12:0 0.2 0.1 0.1 19.4 22.6 29.2 17.4 51.3 36.4
n-13:0 — — Trace 0.3 2.3 0.6 2.1 26.8 6.4
n-14:0 Trace Trace — 0.5 0.3 0.6 30.9 14.0 51.8
n-15:0 — — — — Trace — — 0.2 1.3
n-19:0 — 0.1 — — Trace — — — —
i-19:0 — — 0.1 — — — — — —

Fatty alcohols 2.7 3.1 0.7 13.1 1.0 0.5 34.9 0.2 0.5
n-16:0,1-OH 1.2 0.1 0.2 4.9 0.3 0.3 12.4 0.1 0.5
n-18:1,1-OH 1.1 — — 5.8 0.4 — 15.7 — —
n-19:0,1-OH — 1.5 — — 0.1 — — — —
n-19:0,2-OH — 0.2 — — Trace — — — —
n-19:1(10),1-OH — 1.1 — — — — — — —
i-19:0,1-OH — — 0.3 — — Trace — — —
2-Me-18:0,1-OH — — 0.1 — — — — — —

Other 7.7 1.3 1.3 2.3 1.4 3.6 1.9 3.8 2.1
aOnly the compounds accounting for more than 5% in at least one pool, or those playing a role regarding metabolism or lipid adaptation are detailed.
bExpressed as the percentage of total lipids for the considered pool.
c—, not detected. For other abbreviations see Table 1.



this culture, appreciable proportions of primary fatty alcohols,
n-16:0 and n-18:1, were detected in the OH−-labile lipids and
even more in the H+-labile lipid pool. The nature of the corre-
sponding esters is presently unknown, and the only linkage
imaginable for the H+-labile fatty alcohols could be of a glyco-
sidic type, i.e., sensitive to acidic conditions (34).

Hydrocarbon metabolism. Both A. calcoaceticus and M.
aquaeolei metabolize n-nonadecane and iso-nonadecane
mainly via oxidation to primary alcohols (Fig. 1): (i) In the case
of iso-nonadecane, the oxidation occurs mainly on the less-hin-
dered terminal methyl group (Fig. 1). The identification of
minor amounts of i-18:0 and i-16:0 FA in the cultures on iso-
nonadecane (data not shown) indicated that another route, via
the α-oxidation pathway, also occurred (Fig. 1). (ii) Subtermi-
nal oxidation is a minor route for the degradation of n-nonade-
cane in these two bacteria. (iii) As recently observed in M. hy-
drocarbonoclasticus (15), the derived n-nonadecan-2-ol was
likely oxidized to n-C18:0 FA via a Bayer–Villiger type reac-
tion (35). (iv) The desaturation of n-nonadecane and/or n-non-
adecan-1-ol, could then give n-nonadecen-1-ols, with unsatu-
rations at position 9, 10, and 11, depending on the bacterium.

In the cultures of P. oleovorans, none of the possible interme-
diates of hydrocarbon oxidation were identified. The oxidation
pathway of medium chain-length n-alkanes (C6 to C12) to the cor-
responding primary alcohols and further oxidations to acids then
entering the β-oxidation cycle is, however, well established (36).

FA biosynthetic pathways. In terms of FA biosynthesis, the
three bacteria exhibit unexpected behaviors. Indeed, it is gen-
erally admitted that bacteria synthesize unsaturated FA by de
novo synthesis, through the anaerobic pathway via cis-decenoic
acid 10:1(3c) and successive elongations to palmitoleic acid,
16:1(9c) and cis-vaccenic acid, 18:1(11c). By contrast, in ani-
mals and some microorganisms, desaturation occurs after lipid
biosynthesis, through the aerobic pathway, by FA desaturation

to produce mainly palmitoleic, 16:1(9c), and oleic, 18:1(9c),
acids (37–39). Regarding A. calcoaceticus and M. aquaeolei,
the clear predominance of oleic acid relative to cis-vaccenic
acid, whatever the substrate, bears evidence of the aerobic path-
way. The existence of long alkyl-chain desaturases is confirmed
by the identification of n-nonadecen-1-ols when the two bacte-
ria are grown on n-nonadecane. The ability to desaturate satu-
rated FA occurs typically in mycobacteria and corynebacteria
(39), but it is much less widely distributed in gram-negative
bacteria (40,11); this pathway notably has been reported in an-
other strain of A. calcoaceticus (41). Although the multifunc-
tional enzyme system producing unsaturated FA in actino-
mycetes is now well known, the aerobic desaturase system op-
erating in the gram-negative bacteria is presently unknown. By
comparison, the biosynthesis of unsaturated FA in P. oleovo-
rans appears more complex, with both aerobic and anaerobic
pathways coexisting in this strain. Over two decades ago, Wada
et al. (42) demonstrated such a coexistence in a Pseudomonas
and presumed that many bacteria of this genus would exhibit
this property. In the present case, unsaturated FA are synthe-
sized via the anaerobic route in the presence of ammonium ace-
tate, but both pathways operate in presence of hydrocarbons.
These results suggest that in this strain of P. oleovorans, n-oc-
tane and 2-methyl heptane, or their oxidized derivatives, would
partially inhibit the synthesis of cis-decenoic acid 10:1(3c), the
intermediate in the biosynthesis of palmitoleic and cis-vaccenic
acids via the anaerobic pathway.

Adaptation of FA composition. In response to exposure to
light hydrocarbons, P. oleovorans adapts the FA composition
of the unbound lipids essentially by decreasing the proportion
of cis-unsaturated FA, when compared with results obtained
when culturing the organism on ammonium acetate, and by in-
creasing the proportion of saturated FA. This strategy is differ-
ent from the one adopted by another strain of P. oleovorans
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TABLE 5
Main Properties of FA from Unbound Lipids and Hydroxy Acids from LPS in A. calcoaceticus
in Relation to the Carbon Source

Lipidsa CH3CO2NH4 n-C19H40 i-C19H40

ΣFA of unbound lipids (wt% of the pool) 89 95 97
Saturated n-FA 37 37 2
Unsaturated n-FA 52 63 2
Even carbon-numbered n-FA 88 12 4
n-FA 89 95 4
iso-FA —b Trace 93
Total unsaturated 52 60 40
Total FA < C18 57 81 63

α- and β-Hydroxy acids in OH−-labile lipids
Total α-hydroxy (wt% of the pool) 14 20 27
% of α-OH n-12:0 100 86 98
Total β-hydroxy (wt% of the pool) 20 32 31
% of β-OH n-12:0 95 71 95

β-Hydroxy acids in H+-labile lipids
Total (wt% of the pool) 50 94 96
% of β-OH n-12:0 34 55 38
% of β-OH n-14:0 61 15 54

aIn this table, the compounds not detailed in Table 4 are taken into account.
b—, not detected. For other abbreviations see Tables 1 and 3.



grown on n-octane (5). In analyzing membrane lipids isolated
by extraction with chloroform/methanol, just as in the present
study, the authors observed  a pronounced increase in the pro-
portion of trans-unsaturated FA, and in the mean acyl chain
length. These changes resulted in an increase in the transition
temperature of membrane lipids, closely related to the stereo-
chemistry of the acyl chains, allowing maintenance of the
membrane fluidity in response to the exposure to n-octane. It
can be assumed that in the present strain, the significant in-
crease of saturated FA and decrease of unsaturated FA have a
similar effect. It must be stressed that the change in FA synthe-
sis activity, i.e., the synthesis of oleic acid instead of cis-

vaccenic acid, is not related to homeoviscous adaptation, since
these acids show almost identical transition temperatures (43).

Growing A. calcoaceticus and M. aquaeolei on n-nonade-
cane, which is solid at room temperature, affected their FA com-
position. In addition to the influence on the predominance of
even or odd carbon-numbered FA, one observes in both bacte-
ria a moderate increase of the proportions of FA shorter than
C18. This trend is accompanied by a slight increase in the pro-
portions of unsaturated FA for A. calcoaceticus, whereas a slight
decrease occurred for M. aquaeolei. Although the net result of
these changes on the transition temperature of membrane lipids
is difficult to appreciate in the case of M. aquaeolei, it can be
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TABLE 6 
FA, Hydroxy Acid, and Fatty Alcohol Compositiona of the Three Lipid Poolsb Isolated from M. aquaeolei Grown on CH3CO2NH4, and n-C19
and iso-C19 Alkanes

Unbound OH− labile H+-labile

Lipids CH3CO2NH4 n-C19H40 i-C19H40 CH3CO2NH4 n-C19H40 i-C19H40 CH3CO2NH4 n-C19H40 i-C19H40

FA 97.5 93.1 96.4 55.9 37.7 45.2 6.0 22.1 36.7
Saturated FA 42.4 50.9 59.7 37.1 24.9 33.2 5.3 20.4 27.2
n-12:0 Trace —c 0.3 14.1 1.8 15.6 Trace 4.0 —
n-15:0 0.1 10.4 0.1 0.2 0.1 0.2 0.3 Trace 0.1
i-15:0 Trace 0.1 9.5 Trace 0.1 0.5 Trace — 5.2
n-16:0 31.6 3.0 5.5 17.3 3.9 2.2 2.6 3.8 4.7
n-17:0 0.1 29.6 Trace 0.1 13.4 0.5 0.3 3.2 0.5
i-17:0 — — 33.5 — — 6.6 — — 9.1
10-Me-16:0 1.7 1.0 Trace 0.8 0.1 — Trace 0.2 1.6
8,15-Me2-16:0 — — 1.5 — — — — — 0.8
10,15-Me2-16:0 — — 3.0 — — — — — 0.1
10-Me-17:0 Trace 3.5 — — 1.2 — — 0.4 —
i-19:0 — — 2.0 — — 1.6 — — 1.2
10,17-Me2-18:0 — — 0.3 — — — — — 0.1

Unsaturated FA 55.1 42.2 36.7 18.8 12.8 12.0 0.7 1.7 9.5
n-16:1(9c) 8.7 2.3 1.6 0.4 0.8 0.3 Trace 0.3 0.5
n-16:1(7c) 17.7 5.6 3.2 7.1 1.8 0.5 0.2 0.7 1.1
n-17:1(9c) 0.2 17.8 — Trace 1.2 0.3 — 0.5 —
i-17:1(9c) — — 11.5 — — 1.9 — — 2.8
n-18:1(11c) 3.4 0.1 0.1 0.5 0.1 Trace 0.1 Trace 0.1
n-18:1(9c) 25.0 3.4 15.3 9.3 0.8 3.0 0.4 0.1 4.5
n-19:1(9c) — 1.0 Trace — 0.3 0.1 — — —
i-19:1(9c) — — 2.0 — — — — — —

β-Hydroxy acids Trace 0.1 0.3 42.5 56.6 50.9 91.6 74.5 58.9
n-10:0 — — — 0.5 Trace 0.4 0.1 — 0.2
n-11:0 — Trace — 0.1 11.2 0.6 0.1 13.9 0.5
n-12:0 Trace Trace 0.2 41.9 36.0 47.4 90.7 52.5 55.8
n-13:0 — — — Trace 7.4 0.2 0.1 6.8 0.2
i-13:0 — — — — — 2.0 — — 2.2
n-14:0 — — — — — 0.5 0.6 Trace —
n-19:0 — 0.1 — — Trace — — — —
i-19:0 — — 0.1 — — Trace — — —

Fatty alcohols 0.7 1.2 0.6 0.5 0.3 0.1 1.3 1.0 1.8
n-19:0,1-OH — 0.6 — — 0.1 — — Trace —
n-19:0,2-OH — Trace — — — — — — —
n-19:1(11),1-OH — Trace — — — — — — —
n-19:1(10),1-OH — 0.3 — — — — — — —
n-19:1(9),1-OH — 0.1 — — — — — — —
i-19:0,1-OH — — 0.1 — — Trace — — Trace

Other 1.8 5.6 2.8 1.1 6.4 3.8 1.1 2.4 2.6
aOnly the compounds accounting for more than 5% in at least one pool, or those playing a role regarding metabolism or lipid adaptation are de-
tailed.
bExpressed as the percentage of total lipids for the considered pool.
c—, not detected. For other abbreviation see Tables 1 and 3.



assumed that they induce a decrease of the transition tempera-
ture in those of A. calcoaceticus. Even more marked changes
occurred when these two bacteria grew on iso-nonadecane,
which is highly viscous at room temperature. Thus, in A. cal-
coaceticus the proportion of branched FA sharply increased.
This supremacy of iso-FA is accompanied by an important de-
crease in the proportion of unsaturated FA and a reduction in
straight-chain FA. Similar but less marked trends were seen in
M. aquaeolei. These observations suggest that an increase of the
proportions of iso-branched FA in A. calcoaceticus and M.

aquaeolei plays a physiological role similar to the one of cis-
unsaturated FA, likely leading to a decrease in the transition
temperature of the lipids (44). Such changes in response to the
exposure to long-chain hydrocarbons are opposite to those oc-
curring in P. oleovorans grown on light hydrocarbons. In one
way, they are rather similar to FA adaptation resulting from a
cold stress, as in Escherichia coli (45) or in the psychrophilic
bacterium Shewanella gelidimarina (46).

Adaptation of hydroxy acid composition in LPS. The hydro-
carbons provided to the bacteria exert quantitative and (or)
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TABLE 7
Main Properties of FA from Unbound Lipids and Hydroxy Acids from LPS in M. aquaeolei
in Relation to the Carbon Source

Lipidsa CH3CO2NH4 n-C19H40 i-C19H40

ΣFA of unbound lipids (wt% of the pool) 98 93 96
Saturated n-FA 40 46 7
Unsaturated n-FA 55 42 20
Even carbon-numbered n-FA 95 15 27
n-FA 96 88 28
iso-FA Trace 0.1 61
Total unsaturated 55 42 37
Total FA < C18 65 83 70

β-Hydroxy acids in OH−-labile lipids
Total (wt% of the pool) 42 57 51
% of β-OH n-12:0 99 64 93

β-Hydroxy acids in H+-labile lipids
Total (wt% of the pool) 92 74 59
% of β-OH n-12:0 99 70 95

aIn this table, the compounds not detailed in Table 6 are taken into account. For abbreviations
see Tables 1 and 3.

FIG. 1. Metabolic pathways of iso-nonadecane in Acinetobacter calcoaceticus. Compounds
identified in the lipid extracts are indicated by an asterisk (*). The predominant pathways are
shown by arrows in bold.



qualitative influences on the composition of hydroxy acids, de-
pending on the bacterium and the physical properties of the
substrate. Thus, in P. oleovorans, grown on light hydrocarbons,
ester-linked β-hydroxy acids were reduced in comparison with
the amount observed in the standard culture. By comparison,
amide-linked β-hydroxy acids were less affected. Such a phe-
nomenon is rather similar to the one recently observed in the
Antarctic psychrotrophic bacterium P. syringae when submit-
ted to temperature variations (47). In this case, it was shown
that the bacterium decreases the proportion of β-hydroxy acids
in LPS in response to an increase in temperature. The hydroxy
groups of these acids would probably act as a methyl branch-
ing in FA of the cytoplasmic membrane, by causing perturba-
tions in the hydrophobic region of LPS. In the present cases,
the decrease of β-hydroxy acids in LPS would help to maintain
the homeoviscosity of the outer membrane in contact with fluid
hydrocarbons.

Marineobacter aquaeolei exhibits variations of β-hydroxy
acid composition rather similar to those recently observed in
M. hydrocarbonoclasticus cultivated on various hydrocarbons
(15). LPS of these two bacteria comprise β-hydroxy dode-
canoic acid as the main ester- and amide-linked hydroxy acid
in standard cultures. Both species incorporate appreciable pro-
portions of 3-OH-n-11:0 and 3-OH-n-13:0 acids in LPS when
they are grown on n-nonadecane. By comparison, β-hydroxy
acids derived from an iso-alkane are poorly accepted, likely
owing to steric hindrance of the iso group.

Acinetobacter calcoaceticus exhibits a more complex com-
position of hydroxy acids in relation to the presence of two iso-
mer series in LPS, exhibiting α and β hydroxy groups (48).
When the bacterium was grown on hydrocarbons, variable but
low proportions of ester-linked 2-OH-n-11:0, 2-OH-n-13:0, 3-
OH-n-11:0, and 3-OH-n-13:0 can be incorporated in LPS. In
the same way, the proportions of the amide-bound 3-OH-n-
13:0 greatly increased, especially in the culture on n-nonade-
cane. By contrast, hydroxy iso-acids are not incorporated in
LPS of A. calcoaceticus. This high specificity regarding the
chain length and the methyl branching is thought to be due to
the existence of hydrocarbon rulers in acyl transferases respon-
sible for the O-acyl and N-acyl transfers in lipid A biosynthesis
(49–51).
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ABSTRACT: Crude enzyme isolate was prepared from the intes-
tine of rainbow trout. Positional specificity of the crude enzyme
isolate was determined from both 1(3)- and 2-MAG products after
in vitro lipolysis of radioactive-labeled triolein. The ratio of 2-
MAG/1(3)-MAG was 2:1, suggesting that the overall lipase speci-
ficity of the enzyme isolate from rainbow trout tended to be 1,3-
specific; however, activity against the sn-2 position also was
shown. In vitro lipolysis of four different unlabeled oils was per-
formed with the crude enzyme isolate. The oils were: structured
lipid [SL; containing the medium-chain FA (MCFA) 8:0 in the sn-
1,3 positions and long-chain FA (LCFA) in the sn-2 position], DAG
oil (mainly 1,3-DAG), fish oil (FO), and triolein (TO). MCFA were
rapidly hydrolyzed from the SL oil. LCFA including n-3 PUFA were,
however, preserved in the sn-2 position and therefore found in
higher amounts in 2-MAG of SL compared with 2-MAG of FO,
DAG, and TO. Lipolysis of the DAG oil produced higher amounts
of MAG than the TAG oils, and 1(3)-MAG mainly was observed
after lipolysis of the DAG oil. The positional specificity determined
and the results from the hydrolysis of the different oils suggest that
n-3 very long-chain PUFA from structured oils may be used better
by aquacultured fish than that from fish oils.

Paper no. L9783 in Lipids 40, 1273–1279 (December 2005).

The aquaculture industry currently uses more than 70% of the
global supply of fish oil; however, the industry is still expand-
ing rapidly. Since fisheries are not anticipated to grow, a future
shortage of fish oil is expected; thus, the requirement of aqua-
culture is estimated to reach close to 100% of the world’s total
production of fish oil by the year 2010 (1). Substitution of fish
oil by alternative oils, e.g., vegetable oil, may have no deleteri-
ous effect on the growth of some fish species (2–4). However,
vegetable oils do not contain n-3 very long chain PUFA (VLC-
PUFA). Reduced content of healthy n-3 VLCPUFA, such as
EPA and DHA, in Atlantic salmon and rainbow trout fed veg-
etable oils has been reported, resulting in reduced availability
of VLCPUFA for consumers (2,3). An approach to solve this
problem may be to use structured lipids (SL) in fish feed.

In mammals, improved absorption of long-chain FA
(LCFA) from SL containing medium-chain FA (MCFA) in the
primary positions and LCFA in the sn-2 position has been ob-
served in comparison with conventional long-chain TAG (5).
This is a result of fast hydrolysis of the MCFA in the primary
positions by the 1,3-specific pancreatic lipase. However, only
limited information is available regarding the positional speci-
ficity of lipases in fish, since specificity has been investigated
in only a few fish species so far, with contradictory results.
Leger and Bauchart (6) reported preferential 1,3-positional
specificity of partly purified pancreas lipase from rainbow
trout; 1,3-specificity was also reported for crude material and
partly purified cod lipase (7). In contrast, nonspecific lipase ac-
tivities were reported in anchovy, striped bass, pink salmon (8),
and Arctic charr (9). Another increasing problem in fish aqua-
culture is the increased fat content due to a diet high in lipids.
DAG oil already was shown to reduce fat accumulation in ani-
mals and humans (10,11); therefore, DAG oil may be an inter-
esting oil with respect to fish feed in the future. At present, no
literature describes the hydrolysis of either MCFA from SL or
DAG oil by fish lipases. Therefore, it is important to obtain
knowledge about the lipolytic digestive system in fish to de-
sign fats for improving incorporation of the n-3 VLCPUFA into
fillets (instead of utilization as energy) and reducing fat accu-
mulations.

SL and DAG oil were used in fish feed for rainbow trout to
explore the effects of these oils on incorporation of n-3 VLC-
PUFA in fillets and accumulation of fat (12). The objectives of
this study were (i) to determine the positional specificity of di-
gestive lipases in crude enzyme isolate from the intestinal tract
of rainbow trout and (ii) to investigate the effect of the crude
enzyme isolate on hydrolysis of oils with different structures.
To imitate the “digestive system” in the intestine, we used a
crude enzyme isolate so that no enzymes, coenzymes, or bile
acids that could affect the overall positional specificity would
be lost during purification steps.

MATERIALS AND METHODS

Chemicals. Triolein (TO, >99%), sodium taurocholate (99%),
CaCl2, Tris-HCl, 2,7-dichlorofluorescein, pancreatic lipase
(E.C. 3.1.1.3, type IV), and colipase were purchased from
Sigma (St. Louis, MO). Copper acetate, ortho-phosphoric acid
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(85%), boron trifluoride (14% in methanol), boric acid, NaOH,
NaCl, K2CO3, and TLC plates (Silica gel 60) were from Merck
(Darmstadt, Germany). Internal standards (>99%) were tride-
canoic acid, monotridecanoin glyceride, ditridecanoin gly-
ceride, and tritridecanoin glyceride (Nu-Chek-Prep Inc.,
Elysian, MN) and 1,2-ditridecanoyl-sn-glycero-3-phospho-
choline (Avanti Polar Lipids Inc., Alabaster, AL). All solvents,
acetone (Kebo Laboratory A/S, Albertslund, Denmark), hep-
tane (Rathburn Chemicals, Walkerburn, Scotland), ethanol and
acetic acid (Merck), chloroform, and methanol (Labscan,
Dublin, Ireland) were HPLC grade. Fish oil (FO) was anchovy
oil from Peruvian anchovies (Denofa AS, Gamle Frederikstad,
Norway), and the DAG oil was obtained from Japan (Kao,
Tokyo, Japan). Specific SL was produced by enzymatic inter-
esterification of anchovy oil and caprylic acid with the proce-
dure described previously (13). Radioactive-labeled TO [9,10-
3H(N), 52.6 Ci/mmol] was purchased from PerkinElmer
(Boston, MA); the scintillation liquid Ultima GoldTM was from
Bioscience (Meriden, CT).

Analysis of acylglycerol compositions of oils. SL and DAG
oils were analyzed by normal-phase HPLC using ELSD. TAG,
1,3- and 1,2(2,3)-DAG, and MAG were separated on a Hyper-
sil silica column (l = 10 cm, i.d. = 2.1 cm, particle size = 5 µm;
Thermo Hypersil-Keystone, Bellefonte, PA) using heptane (A)
and heptane/ethyl acetate/2-propanol/acetic acid (B) =
80:10:10:1 (by vol). Solvent B was increased from 2 to 35%
over 10 min at a flow rate of 0.50 mL/min, further to 98% over
1 min, and maintained for 6 min before reverting to 2%, all at a
flow rate of 1 mL/min (14). Calibration curves were con-
structed and results are given in weight percentage (wt%) of
total lipids.

Analysis of FA compositions of oils. KOH-catalyzed methyla-
tions of experimental oils were performed at room temperature
(15). FAME were analyzed by GC (Hewlett-Packard 5890 Se-
ries II Gas Chromatograph) using an SP-2380 column (60 m ×
0.25 mm i.d.; Supelco, Bellefonte, PA). Conditions were as fol-
lows: injector temperature 270°C, FID 270°C, helium carrier gas
at 1.2 mL/min (column flow), and injector split ratio 1:11. The
initial column temperature was 70°C (maintained 5 min); step 1:
15°C/min to 160°C; step 2: 1.5°C/min to 200°C and held for 15
min; step 3: 30°C/min to 225°C and maintained for 10 min.
FAME were identified by comparing their retention times with
those of known standards (Nu-Chek-Prep Inc.) and methyl es-
ters of well-characterized FO.

Analyses of FA compositions in the sn-2 position of oils. Oils
were partially degraded by Grignard degradation as described
by Becker et al. (16). 2-MAG spots were scraped off and
methylated with a modified boron trifluoride-catalyzed method
(17). Briefly, TAG were saponified for 5 min at 80°C with 1
mL 0.5 M NaOH in methanol and converted to FAME using 1
mL 14% boron trifluoride/methanol solution and 0.5 mL 0.1%
hydroquinone in methanol for 2 min at 80°C. FAME were ex-
tracted with 2 × 0.5 mL heptane after addition of 2 mL of
0.73% NaCl solution. The combined heptane phases were
washed with 1 mL weakly basic saturated NaCl solution (40 g
NaCl and 150 mg K2CO3/100 mL water). FAME were ana-

lyzed as described above. The closed system and the lack of
solvent evaporation were used to ensure quantitative analysis
of MCFA.

Preparation of the crude enzyme isolate. Three rainbow
trout (Oncorhynchus mykiss), 800–1000 g, were killed by a
blow to the head. The fish had been fed commercial fish feed
(ECOLIFE 19, 4.5 mm; BioMar A/S, Brande, Denmark). The
gastrointestinal system was cut out and immediately frozen in
liquid nitrogen. After thawing, the content of the pylorus re-
gion of the foregut, the midgut, and the hindgut was isolated,
freeze-dried, and kept at –80°C until use. Analyses were per-
formed with a pooled fraction from three trout.

Analysis of lipids in the crude enzyme isolate. The lipids in
the crude enzyme isolate were extracted by the method of
Folch et al. (18). Lipids were dissolved in chloroform/methanol
(95:5, vol/vol) and applied onto TLC plates. The plates were
developed with chloroform/isopropanol/acetic acid (95:5:1, by
vol) and visualized under UV light after spraying with 2,7-
dichlorofluorescein. TAG, DAG, MAG, FFA, and phospholipid
(PL) spots were quantitatively scraped off and corresponding
internal standards containing 13:0 FA were added. Boron tri-
fluoride-catalyzed methylation followed by GC analysis was
carried out as described above.

Test of the standard assay system for hydrolysis of oils. In
vitro lipase hydrolysis of oils with crude enzyme isolate was
performed using the method described by Martin et al. (19)
with modifications. The standard assay system used comprised
10.0 mg of oil, 62.0 mg crude enzyme isolate from rainbow
trout intestine, and 3.0 mL buffer solution consisting of CaCl2
(0.18 g/L) and sodium taurocholate (0.1 g/L) in 0.5 M Tris/HCl
(pH 7.7). Initially, the assay system was tested for possible acyl
migration by investigating the effect of hydrolysis time (5 and
30 min), importance of fast extraction (immediately and after
20 min), and the influence of stopping the hydrolysis with di-
luted HCl, NaOH, or chloroform. To test the assay, 2-MAG
was added instead of oil and no crude enzyme isolate was used,
whereas all other reagents were the same as described above.

Results of the acyl migration test in the assay system were
used to define the parameters in the standard assay system that
was used for determination of specificity. Buffer, 1 and 2 mL,
respectively, was added to the oil and the crude enzyme isolate
and sonicated 2 min each (20°C). Both solutions were heated
for 2 min at 37°C in a water bath. Lipolysis was started by
adding the enzyme solution to the sonicated solution of oil
under vigorous stirring at 37°C. The reaction was stopped after
1.5 min by adding 2 mL chloroform. Total lipid was instantly
extracted with a further 1 mL chloroform and applied to a boric
acid-impregnated TLC plate that was developed 2 × 35 min in
chloroform/acetone (90:10, vol/vol) [modified from Becker et
al. (16)]. 1(3)- and 2-MAG spots were visualized by spraying
with 2,7-dichlorofluorescein in anhydrous ethanol, quantita-
tively scraped off, and methylated as previously described for
analysis of FA compositions in the sn-2 position of oils.

Assay of hydrolysis of radioactive-labeled TO. The above-
mentioned standard assay system was used for in vitro hydrolysis
of TO with crude enzyme isolate. Radioactive-labeled TO (0.82
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µg, corresponding to 0.925 MBq) was mixed with 10.0 mg unla-
beled TO. Visualization was performed by spraying with copper
acetate in phosphoric acid (8% wt/vol) followed by 20 min car-
bonization of the lipid at 160°C. To determine the specificity of
the crude enzyme isolate, 1(3)- and 2-MAG spots were quantita-
tively scraped off and mixed with 7.0 mL of scintillation liquid.
[3H]Monoolein was quantified using scintillation counting (Tri-
Carb 2100TR; Packard, Meriden, CT). The extent of oil hydroly-
sis was determined after lipolysis of radioactive-labeled TO by
separation of lipid classes as described for analysis of lipids in
crude enzyme isolate. Spots were visualized and quantified as de-
scribed above for radioactive-labeled 1(3)- and 2-MAG.

Assay for hydrolysis of different unlabeled oils. Different
oils (10.0 mg of FO, SL, DAG, and TO) were hydrolyzed in
vitro with the crude enzyme isolate. Lipids were extracted with
chloroform and separated on boric acid-impregnated TLC
plates; both 1(3)- and 2-MAG were scraped off and methylated.
All procedures were the same as described for the standard
assay system.

Statistics. Results were expressed as means ± SEM. Differ-
ences among groups were tested using one-way ANOVA, and
significant differences were analyzed using Tukey’s multiple
comparison test. All statistical analyses were performed using
Graphpad Prism v. 3.0 (Graphpad Software, San Diego, CA).

RESULTS

Investigation of acyl migration. No 1-MAG was observed
when the hydrolysis time was 5 min, when the lipids were ex-
tracted immediately at pH 7.7. However, a trace amount of
1-MAG was detected when the hydrolysis time was 30 min fol-
lowed with direct extraction or when the hydrolysis time was 5
min and the sample was left 20 min in the water bath before
extraction. A trace amount of 1-MAG was also visible when
the hydrolysis was stopped with either diluted HCl or NaOH
(solution pH below 2 or over 12).

Analyses of lipids in the crude enzyme isolate. Total lipid
content of the crude enzyme isolate was 12.8 wt% and was dis-
tributed among different lipid classes as follows (wt%): FFA,
58.8 ± 1.9; PL, 14.1 ± 0.3; TAG, 13.2 ± 0.3; DAG, 10.3 ± 0.2;
and MAG, 3.6 ± 0.1. TLC also showed trace amounts of sterols
(not determined). FA compositions of the determined lipid
classes showed higher levels of 14:0, 16:0, and 18:0 in DAG
and MAG compared with TAG (Table 1). In contrast to satu-
rated FA (SFA), the levels of PUFA were lower in DAG and
MAG compared with TAG. MCFA (8:0) were not detected in
any of the lipid classes from the crude enzyme isolate.

Determination of positional specificity of digestive lipases
in the crude enzyme isolate. Positional specificity of the crude
enzyme isolate was determined using radioactive-labeled TO,
to exclude the lipid contribution from the isolate itself. The
scintillation results showed that 0.8% of radioactive-labeled
TO was recovered as MAG, 33% of the produced MAG was
1(3)-MAG, and 67% was 2-MAG (Fig. 1). This indicated an
overall specificity toward 1- and 3-ester bonds in TAG, but ac-
tivities for hydrolysis of FA from the sn-2 position were also

observed. The extent of hydrolysis was estimated from the re-
covery of other lipid classes (recovery percentage of radioac-
tive-labeled TO): TAG, 88.4 ± 1.3; DAG, 5.6 ± 0.2; MAG, 0.8
± 0.06; FFA, 2.7 ± 0.03; total 97.5 ± 1.1 (3 determinations).

Analyses of oils. FO and SL oils contained only TAG. The
DAG oil consisted of (wt%): 50% 1,3-DAG, 27% 1,2(2,3)-
DAG, and 23% TAG. The FA compositions of total acylglyc-
erols and in the sn-2 position of experimental oils are shown in
Table 2. The FO oil had a higher content of n-3 VLCPUFA, es-
pecially in primary positions, compared with the SL oil. On the
other hand, the SL oil was characterized by a high content of
MCFA (8:0) in primary positions, whereas the level of EPA and
DHA in the sn-2 position was slightly lower than for FO. The
DAG oil was constituted mainly of oleic acid and linoleic acid
distributed almost equally among sn-positions.

Lipolysis of different unlabeled oils with the crude enzyme
isolate. Four different oils (SL, DAG, FO, and TO) were
lipolyzed with the crude enzyme isolate. Furthermore, a blank
(without added oil) was hydrolyzed as the reference. The

LIPOLYSIS OF OIL WITH RAINBOW TROUT ENZYME ISOLATE 1275

Lipids, Vol. 40, no. 12 (2005)

TABLE 1
FA Compositiona of Lipid Classes in Crude Enzyme Isolate
from Intestine of Rainbow Trout (mol%)

FA TAG DAG MAG FFA PL

8:0 ND ND ND ND ND
14:0 11.4 17.7 15.5 6.4 6.5
16:0 25.0 38.0 35.3 21.1 23.8
16:1n-7 7.2 5.5 6.7 7.0 1.9
18:0 4.7 6.2 7.0 4.9 5.9
18:1n-9 11.7 7.6 7.7 13.3 5.2
18:1n-7 3.0 2.5 3.9 2.4 2.3
18:2n-6 3.0 1.5 1.3 3.7 6.9
18:3n-3 1.3 0.7 0.5 1.6 0.7
20:1n-9 2.8 2.3 3.1 2.1 0.8
18:4n-3 1.1 0.5 0.3 2.0 0.4
22:1n-11 2.6 1.6 2.3 2.3 0.2
20:4n-3 0.6 0.3 0.2 1.0 0.3
20:5n-3 4.0 1.5 0.7 8.2 4.7
22:5n-3 1.2 0.6 0.3 2.2 0.9
22:6n-3 9.2 5.4 4.9 9.7 13.0
Others 11.3 8.0 10.2 12.1 26.4
Total n-3 17.4 9.0 6.8 24.6 20.1
aData represent the mean of two determinations. TLC also showed trace
amounts of sterols (not determined). PL, phospholipids; ND, not detected.

FIG. 1. Distribution of 1(3)- and 2-MAG after lipolysis of radioactive-
labeled triolein with crude enzyme isolate (means ± SEM, n = 4).



amounts of 1(3)- and 2-MAG products after lipolyses of oils
with the crude enzyme isolate were calculated and are shown
in Table 3. A similar amount of 1-MAG was obtained for the
oils and the blank, except a significantly higher amount of
1-MAG was obtained for the DAG oil (P < 0.001). The lipoly-
sis of the DAG oil also produced more 2-MAG than FO and
the blank (P < 0.05). The MAG produced after hydrolysis of
DAG oil was enriched with FA; 18:1n-9, 18:1n-7, 18:2n-6, and
18:3n-3, which originated from the DAG oil (Table 3). Lipoly-
sis of the SL oil produced more 2-MAG than did FO and the

blank, and only twice as much 8:0 was observed in 1-MAG
compared with 2-MAG in the SL products. Another interesting
result for hydrolysis of the SL oil was a higher level of n-3
PUFA (18:4n-3, 20:5n-3, and 22:5n-3) in the 2-MAG products
compared with all other oils (P < 0.05); however, DHA was
significantly higher only in SL compared with the FO oil and
the blank (P < 0.05). Lipolysis of the TO oil resulted in nearly
the same amounts of 1(3)- and 2-MAG as the blank; however,
the level of 18:1n-9 was higher in 2-MAG compared with that
of FO, SL, and the blank (P < 0.05).

The ratios of 1(3)-MAG/2-MAG obtained after lipolysis of
oils and the blank are shown in Figure 2. The DAG oil in-
creased the ratio compared with the blank, and all TAG oils de-
creased the ratio compared with the blank (P < 0.05). More-
over, the ratio of 1(3)-MAG/2-MAG for FO and SL was sig-
nificantly lower than for TO (P < 0.05).

DISCUSSION

Investigation of acyl migration. Acyl migration is a side reac-
tion that can mask the specificity of the lipase, as the amounts
of lipolysis products [1(3)- and 2-MAG] formed the basis of
specificity determination in the present study. A shift of acyl
groups happens with extreme ease; procedures involving heat,
acids, or bases should especially be avoided according to
Thomas et al. (20). The standard assay system used for in vitro
hydrolysis of oils was initially tested for possible acyl migra-
tion in MAG. We found that both pH and time significantly in-
fluenced acyl migration in the standard assay system; therefore,
we decided to reduce the hydrolysis time as much as possible
(1.5 min) and stop the reaction without adding acid or base but
with chloroform, which was also used for instant extraction of
the lipolytic products.

Analysis of lipids in crude enzyme isolate. FFA constituted
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TABLE 2
FA Compositiona of Total Acylglycerols and in the sn-2 Position
of Experimental Oils (mol%)

FO SL DAG

FA Oil sn-2 Oil sn-2 Oil sn-2

8:0 ND ND 47.6 4.8 ND ND
14:0 8.9 17.1 5.0 14.9 0.1 ND
16:0 19.5 25.4 9.8 23.7 3.3 3.6
16:1n-7 7.1 8.8 3.3 8.1 0.1 0.2
18:0 3.4 0.7 1.0 0.8 1.1 1.2
18:1n-9 9.8 3.8 3.3 3.9 36.3 35.4
18:1n-7 2.5 1.0 0.8 1.0 2.2 2.7
18:2n-6 1.3 1.1 0.6 1.1 46.2 46.7
18:3n-3 1.1 1.1 0.5 1.0 5.5 5.6
20:1n-9 2.0 1.4 0.6 1.1 0.5 0.4
18:4n-3 2.7 2.3 1.9 2.4 ND ND
22:1n-11 3.2 0.5 1.3 0.5 ND ND
20:4n-3 0.7 0.4 0.4 0.4 ND ND
20:5n-3 11.8 8.6 6.0 7.9 ND ND
22:5n-3 1.5 2.8 1.0 2.4 ND ND
22:6n-3 10.6 17.1 8.8 15.2 ND ND
Others 13.6 8.2 7.9 10.8 2.2 4.0
Total n-3 28.4 32.3 18.6 29.3 5.4 5.6
aValues are the mean of two determinations for FA composition in oil
and three determinations for sn-2. FO, fish oil; SL, structured lipid; for
other abbreviation see Table 1.

TABLE 3
Amountsa of 1(3)- and 2-MAG Products After Lipolysis of Oils with Crude Enzyme Isolate (µg MAG/10.0 mg oil/62.0 mg crude enzyme isolate)

FO SL DAG TO Blank

MAG 1(3)-MAG 2-MAG 1(3)-MAG 2-MAG 1(3)-MAG 2-MAG 1(3)-MAG 2-MAG 1(3)-MAG 2-MAG

8:0 ND ND 6.8 ± 0.3 3.5 ± 0.1 ND ND ND ND ND ND
14:0 50.1 ± 1.9 54.7 ± 1.3A,B 60.2 ± 2.8 63.8 ± 2.5A 55.2 ± 5.3 45.8 ± 3.8B 60.4 ± 3.4 55.4 ± 1.5A,B 56.3 ± 1.4 53.3 ± 0.9A,B

16:0 135.7 ± 4.8 77.1 ± 1.0 165.5 ± 9.9 90.0 ± 4.8 165.4 ± 13 77.8 ± 6.1 160.8 ± 8.7 75.9 ± 2.1 162.0 ± 4.2 80.4 ± 3.9
16:1n-7 17.4 ± 0.9 30.5 ± 1.0 20.2 ± 1.2 35.8 ± 1.8 18.0 ± 1.4 28.6 ± 2.4 18.1 ± 1.0 29.6 ± 0.8 18.8 ± 0.9 30.0 ± 1.1
18:0 42.7 ± 1.7 4.7 ± 0.2 53.2 ± 3.2 4.9 ± 0.2 52.6 ± 3.1 6.3 ± 0.4 50.7 ± 3.0 4.0 ± 0.2 51.2 ± 1.5 5.2 ± 1.1
18:1n-9 26.6 ± 1.4c 28.9 ± 0.6C 31.8 ± 2.0b,c 33.4 ± 2.3C 160.2 ± 8.9a 71.7 ± 5.0A 41.4 ± 3.9b 50.9 ± 3.7B 30.7 ± 1.8b,c 29.5 ± 0.9C

18:1n-7 19.8 ± 0.9b 3.7 ± 0.1B 24.7 ± 1.6b 4.4 ± 0.4B 31.9 ± 2.2a 6.4 ± 0.6A 23.6 ± 1.6b 3.8 ± 0.1B 24.3 ± 0.9b 3.7 ± 0.1B

18:2n-6 3.3 ± 0.2b 8.2 ± 0.3B 3.7 ± 0.2b 9.5 ± 0.6B 152.6 ± 9.4a 64.2 ± 4.2A 3.2 ± 0.2b 7.8 ± 0.3B 3.7 ± 0.3b 8.5 ± 0.5B

18:3n-3 2.0 ± 0.1b 3.6 ± 0.1B 2.4 ± 0.1b 4.4 ± 0.3B 20.8 ± 1.2a 10.8 ± 0.7A 2.0 ± 0.2b 3.4 ± 0.1B 2.3 ± 0.1b 3.7 ± 0.3B

20:1n-9 17.8 ± 0.4 4.9 ± 0.4 23.0 ± 1.3 6.0 ± 0.9 23.2 ± 1.6 5.5 ± 0.4 21.4 ± 2.1 5.4 ± 0.5 22.8 ± 1.0 4.5 ± 0.1
18:4n-3 1.3 ± 0.1 4.3 ± 0.2B 1.4 ± 0.1 6.2 ± 0.3A 0.5 ± 0.3 3.3 ± 0.2C 0.4 ± 0.4 3.3 ± 0.1C 0.6 ± 0.3 3.4 ± 0.2C

22:1n-11 13.1 ± 0.4b 6.2 ± 1.3 17.6 ± 0.6a,b 8.0 ± 2.0 17.6 ± 1.3a,b 4.4 ± 0.8 15.2 ± 2.5a,b 6.9 ± 1.1 20.3 ± 1.0a 3.1 ± 0.2
20:4n-3 0.5 ± 0.5 2.0 ± 0.1 1.4 ± 0.1 2.4 ± 0.3 0.4 ± 0.4 1.9 ± 0.2 0.4 ± 0.4 1.9 ± 0.1 1.2 ± 0.1 1.9 ± 0.1
20:5n-3 3.5 ± 0.2a 9.3 ± 0.9B 3.4 ± 0.1a 15.0 ± 1.2A 2.5 ± 0.1b 8.2 ± 0.5B 2.0 ± 0.3b 7.5 ± 0.5B 2.4 ± 0.2b 7.8 ± 0.7B

22:5n-3 ND 3.5 ± 0.4B ND 5.9 ± 0.5A ND 4.0 ± 0.3B ND 3.5 ± 0.3B ND 3.5 ± 0.3B

22:6n-3 9.6 ± 1.1 42.0 ± 4.6B 12.1 ± 1.6 68.1 ± 7.6A 13.2 ± 2.1 48.2 ± 4.7A,B 9.1 ± 2.1 45.9 ± 2.2A,B 16.4 ± 0.7 40.9 ± 3.4B

Total 404.9 ± 15b 328.7 ± 13B 508.3 ± 27b 417.0 ± 30A,B 810.4 ± 5a 431.6 ± 32A 474.0 ± 29b 346.8 ± 8.5A,B 487.2 ± 15b 321.4 ± 7.6B

aData represent the means ± SEM of three measurements. TO, triolein; for other abbreviations see Tables 1 and 2. Values in the same row with dif-
ferent superscripts are significantly different (P < 0.05); small letters are used for comparison of 1-MAG and capital letters for 2-MAG among the
groups.



58.8 wt% of the lipids in the crude enzyme isolate from the in-
testinal tract of rainbow trout, suggesting extensive digestion
of the lipids in fish feed. Comparison of the FA composition in
TAG with DAG and MAG showed higher levels of SFA (14:0,
16:0, and 18:0) in DAG and MAG (Table 1). The levels of 14:0
and 16:0 were lower in MAG than in DAG; however, the level
of 18:0 was higher in MAG. These results indicate preferred
digestion of 14:0 and 16:0 compared with 18:0 in the intestinal
tract of rainbow trout. Similar results have been reported previ-
ously, as SFA were preferred during the digestion by intestinal
lipase from Arctic charr in the order 12:0, 14:0, and 16:0,
whereas 18:0 was resistant to digestion (9).

In contrast to SFA, the levels of PUFA were lower in DAG
and MAG than in TAG (Table 1), indicating preferred digestion
of PUFA compared with SFA. This was also supported by the
composition of the FFA fraction, as the levels of PUFA were
higher in the FFA fraction than in acylglycerols whereas the lev-
els of SFA were lower in FFA than in acylglycerols. Our results
are consistent with previous reports on efficiently hydrolyzed
PUFA compared with the SFA and less unsaturated FA by en-
zymes, for example, purified lipase, from the hepatopancreas of
red sea bream (21), crude preparation of bile salt-dependent li-
pase from leopard shark (22), and crude enzyme mixtures from
the intestines of salmon and rainbow trout (23).

Determination of the positional specificity of digestive li-
pases in crude enzyme isolate. According to Jensen et al. (24),
positional specificity should be ascertained before studying
topics such as FA specificity. Positional specificity can be de-
termined by lipolyses of TO, olive oil, 2,3-dioleoylbutanediol,
synthetic TAG, and the like. A distribution of 33% 1(3)-MAG
and 67% 2-MAG was observed in the present study, when ra-
dioactive-labeled TO was hydrolyzed with the crude enzyme
isolate. Thus, specificity for primary esters dominated even
though considerable activity also was found for the esters in
the sn-2 position. The result of the present study is in accor-
dance with previous results reported by Leger and Bauchart (6)
and Leger et al. (25), who observed dominating 1,3-specificity
after hydrolyses of synthetic TAG when a partly purified pan-
creatic lipase from rainbow trout was used. Although many dif-
ferent experimental designs as well as determination methods

have been used for determination of the specificity of enzymes
from fish that may complicate comparison of results, it is likely
that a variation in positional specificity among different fish
species exists. For instance, nonspecific lipase activity was
found in anchovy, striped bass, pink salmon (8), and Arctic
charr (9), whereas Gjellesvik et al. (7,26) reported 1,3-speci-
ficity for cod lipase. The present study demonstrates an alter-
native method for determination of positional specificity using
a crude enzyme isolate; hence, no enzymes, coenzymes, or bile
acids were lost during purification steps that could influence
the overall positional specificity. For shark lipase, a fourfold
greater stimulation of activity was measured with natural bile
salts of the shark compared with pure sodium taurocholate (22).
Therefore, the “digestive system” in the intestine is imitated
better with a crude enzyme isolate, resulting in more putative
overall positional specificity.

Hydrolysis of different unlabeled oils with the crude enzyme
isolate. Four different oils (SL, DAG, FO, and TO) were hy-
drolyzed in vitro with the crude enzyme isolate. Analyses of
lipid classes in the crude enzyme isolate showed that acylglyc-
erols, especially DAG and MAG, might have contributed to the
analyzed values of MAG when the hydrolysis time was only
1.5 min. Therefore, a blank (hydrolysis performed without ad-
dition of oil) was included to determine the ratio of 1(3)- and
2-MAG in the crude enzyme isolate in the assay. However, we
cannot exclude the possibility that variation may exist for the
contribution of lipids from the crude enzyme isolate during the
lipolyses of the oils and the blank.

In mammals, structured lipids have been observed to im-
prove the absorption of LCFA in comparison with conventional
long-chain TAG (5). The SL oil was designed to investigate
whether it was possible to improve the incorporation of long-
chain n-3 PUFA in fillets of trout; it contained MCFA in the sn-
1,3 positions and long-chain PUFA in the sn-2 position. The
results showed a fast hydrolysis of MCFA in the primary posi-
tions, since only twice the amount of MCFA was found in 1(3)-
MAG compared with 2-MAG (Table 3), in spite of the fact that
10 times more MCFA was incorporated in SL oil (TAG) than
in the sn-2 position of the SL oil (Table 2). As a consequence
of rapid hydrolysis of MCFA, a significantly higher level of
n-3 PUFA was observed in the 2-MAG fraction of SL com-
pared with the other oils and the blank. If the investigated in
vitro lipolysis of the crude enzyme isolate is similar to lipolysis
in rainbow trout, the use of n-3 VLCPUFA in trout may be im-
proved. However, increased incorporation of n-3 VLCPUFA
was not observed in a trout-feeding experiment executed in
parallel to the present study using the same SL (12). The rea-
son may be that the oils have enough time to be efficiently hy-
drolyzed in rainbow trout in the presence of specific as well as
nonspecific lipases. It cannot be excluded, however, that differ-
ent mechanisms of absorption and resynthesis exist between
rainbow trout and mammals that might also have affected the
use of n-3 VLCPUFA.

The release of FA during hydrolysis of capelin oil with both
human and cod pancreatic bile salt-dependent lipase was shown
to be dependent on incubation temperature (27). Temperature
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FIG 2. Ratios of 1(3)-MAG/2-MAG after lipolysis of 10.0 mg oil with
62.0 mg crude enzyme isolate (means ± SEM, n = 3). FO, fish oil (an-
chovy); SL, structured lipid; TO, triolein; DAG, DAG oil. Blank, hydroly-
sis without oil (only contribution from crude isolate). Means with differ-
ent letters are significantly different at P < 0.05.



optima of 36 and 37°C were already shown for lipolysis with
crude preparations from leopard shark (22) and cod (28), respec-
tively. To ensure sufficient production of MAG in 1.5 min, the
present study was also performed at 37°C.

The amount of MAG produced from lipolysis was highest
for the DAG oil, which principally can be explained by the
presence of only two ester bonds in the molecule, as only one
bond has to be cleaved to produce MAG. It has been shown
that DAG oil containing mainly 1,3-DAG decreased postpran-
dial hyperlipidemia and reduced diet-induced obesity com-
pared with TAG (10), and it was suggested that the absorption
and metabolism of DAG oil differ from that of TAG owing to
the lack of 2-MAG after hydrolysis of DAG oil in the intestine
(11). Our results showed that the DAG oil was rapidly hy-
drolyzed to mainly 1(3)-MAG.

In contrast to SL and DAG oils, TO and the FO were hy-
drolyzed slower, resulting in only small changes in the amounts
of MAG products compared with the blank. The FO initially
contained more n-3 PUFA, e.g., EPA and DHA, than the SL
oil. However, less 2-MAG containing n-3 PUFA was observed
from FO than from SL after lipolysis. The trend of slow hy-
drolysis of FO is also prevalent for several other FA, although
the trend was not significant according to the statistics used
here, with three replicates. Hydrolysis of unlabeled TO was in
agreement with observations for radioactive-labeled TO, since
twice as much 2-MAG as 1(3)-MAG was produced compared
with the blank.

Lipolysis of the unlabeled oils influenced the ratio of 1(3)-
MAG/2-MAG differently, as all TAG oils lowered the ratio
whereas the DAG oil increased the ratio compared with the
blank (Fig. 2). That can be explained by the fact that lipolysis
of DAG oil (mainly 1,3-DAG) with 1,3-positional specific en-
zyme produces more 1(3)-MAG than 2-MAG, hence an in-
creased ratio of 1(3)-MAG/2-MAG. Owing to the preferred 1,3-
positional specificity of the crude enzyme isolate, an increased
amount of 2-MAG was expected for all the TAG oils, hence a
lower ratio of 1(3)-MAG/2-MAG. It seems that more MAG
[both 1(3)- and 2-MAG] were obtained after hydrolysis of SL
in comparison with the blank owing to the fast hydrolysis of
MCFA, whereas less 2-MAG was obtained for FO compared
with the blank. However, the differences were not significant.
The lower ratio of 1(3)-MAG/2-MAG observed for SL oils and
FO compared with TO may be explained by the different FA
composition of the oils.

In conclusion, the present study presents an alternative
method for determining the positional specificity of fish lipases.
The results show the existence of 1,3-specificity of lipases in
crude enzyme isolate from rainbow trout. The overall 1,3-
specificity is similar to mammalian pancreatic lipase, even rain-
bow trout have considerable lipase activity toward the sn-2 po-
sition of TAG. Both DAG and SL oils are hydrolyzed faster
than FO and TO. MCFA in primary positions of the SL oil are
rapidly hydrolyzed, whereas VLCPUFA are enriched in the 2-
MAG fraction.
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